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We generalize the General Gauge Mediation formalism |l[] to allow for the possibility of 
gauge messengers. Gauge messengers occur when charged matter fields of the susy-breaking 
sector have non-zero F-terms, which leads to tree-level, susy-breaking mass splittings in the 
gauge fields. A classic example is that SU (5)gut/ SU(3) x SU (2) x U (1) gauge fields could 
be gauge messengers. We give a completely general, model independent, current-algebra 
based analysis of gauge messenger mediation of susy-breaking to the visible sector. Char- 
acteristic aspects of gauge messengers include enhanced contributions to gaugino masses, 
(tachyonic) sfermion mass-squareds generated already at one loop, and also at two loops, 
and significant one-loop A-terms, already at the messenger scale. 
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1. Introduction 

In gauge mediation of supersymmetry breaking (see e.g. P-|l3|), a susy- breaking hid- 
den sector is coupled to a supersymmetric extension of the standard model (SSM) only 
through gauge interactions. In direct gauge mediation, the SSM interacts with the hid- 
den sector through the SU(3) x SU(2) x £7(1) gauge interactions of the standard model. 
Another mo del- building option is indirect gauge mediation, where susy breaking is com- 
municated from the hidden sector to an intermediate, messenger sector through some new 
gauge interactions, and then from the messenger sector to the MSSM via the SM gauge 
interactions. In what follows, we'll consider general aspects of susy breaking mediation 
from a susy-breaking "hidden sector" to an otherwise supersymmetric "visible sector," via 
gauge interactionsB 

£int D 9 J ' d A 6(Jhidden + JvisW , (1-1) 

where J are the currents in the two sectors and V is the gauge vector multiplet. We refer to 
the sectors as "hidden" and "visible," but our discussion will be completely general and will 
not assume that the "visible" sector is actually the SSM. Thus our general analysis can also 
be applied in models where the "visible sector" is instead replaced with an intermediate 
messenger sector. 

We will here consider general aspects of gauge mediation of susy breaking with gauge 
messengers, i.e. when some of the gauge fields V in ( |1 . 1|) themselves have a tree-level 
susy-split spectrum. The majority of the literature on gauge mediation focuses on the case 
without gauge messengers, where the gauge multiplet spectrum is susy-split only at the 
loop-level. Indeed, even the general gauge mediation framework of [II] focuses on that case. 



See also e.g. ||T6| - p3[| for further work on non-gauge-messenger, general gauge mediation. 
Although gauge messengers are less studied, it is not such an exotic pheonomenon: gauge 
messengers occur whenever charged hidden sector fields get non-zero F-componentsll. 

Gauge messengers have a long history. The Fayet-Iliopoulos model p4f , has gauge 
messengers (for FI term sufficiently large), taking the Higgsed U(l) gauge group of the 
model as a U(l)' to communicate susy breaking to the MSSM. Another classic with gauge 



1 One could also consider including direct superpotential coupling of the sectors, as is some- 
times useful in considering the Higgs sector (see e.g. [14], fl5|| ), but we will not do so here. 

2 Gauge messengers can also occur with D-term breaking. As we will discuss later, D-term 
breaking is already covered by our F-term based analysis whenever the gauge group is Higgsed: 
when my ^ 0, (D) is not an independent variable. 
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messengers is Witten's inverted hierarchy model [ffl, where the charged fields breaking the 
GUT group also have non-zero, susy- breaking F-terms. This scenario was analyzed in 
many following works long ago e.g. [f7|, p5| - |30f| and also more recently, e.g. in ||31|| . where it 
was noted that gauge messengers can help alleviate the little hierarchy problem and they 
provide interesting, and somewhat unexplored, new avenues for model building. 

With gauge messengers, the gauge group is Higgsed (at least partially) together with 
supersymmetry being broken. Possible candidates for gauge messengers are (i) the mas- 
sive vector bosons of a GUT gauge group; (ii) some new Higgsed gauge sector, such as 
a U(l)' coupling to the MSSM; (Hi) the W ± and Z° sector of the MSSM; (iv) a new 
gauge sector, coupling to a separate messenger sector, which is then coupled to the MSSM 
(this possibility includes Semi-direct Gauge Mediation |j32| ). We will here generalize the 
framework of to include the possibility of gauge messengers, and the possibility that 
the susy-mediating gauge group is (partially or fully) Higgsed. We considered aspects of 



gauge mediation by susy-preserving Higgsed gauge groups in [j33| , p~q] , and here we general- 
ize that to the case of susy-breaking Higgsed gauge groups. Because gauge messengers are 
relatively unexplored, we will also note many basic properties which are not widely known 
and/or are incompletely treated in some of the literature, and resolve some puzzling issues. 

For theories where the messengers' susy-splitting is small relative to their susy mass 
component, e.g. if Fj ~ (Q 2 Xi) and Mj ~ (Xj) have <C |Mj| 2 , the leading visible sector 
soft masses can be obtained by using the technique of analytic continuation in superspace 



23,^4|,^5[. This method works equally well whether or not there are gauge messengers. 



Indeed, this technique was first developed P7J to study gauge messenger models, and some 
key differences between gauge-messenger and non-gauge-messenger models were discussed 
in ||34j| . Our general analysis will include the small- F-term results as a limiting case. 
We will note and explain, however, some differences from the literature. For example, 
we note that the vector multiplet coupling to the visible sector generally has StrM v ^ 
0. Also, much of the literature has focused on the case where the same, single chiral 
superfield £ = M + 9 2 F breaks both the gauge symmetry and supersymmetry. We note 
that this is an oversimplification in actual models of spontaneous susy-breaking, such as 
the O'Raifearteigh model. We note that in the more general case, gauge messengers also 
lead to non- vanishing one- loop contributions to the sfermion m 2 s. 

Gauge mediation without gauge messengers has some generic properties, e.g. 

1. Vanishing one- loop contributions to visible-sector sfermion soft- breaking masses. 
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2. Non-zero two- loop m2 s f erm i on i which are typically non-tachyonic at the messenger scale 
(aside from contributions from fields with D-type masses). 

3. Though one-loop gaugino masses m gaug i no are generated, they vanish to leading order 
in F/M 2 if susy is spontaneously broken [28]. Non-zero one-loop gaugino masses are 
generated at order F 3 /M 5 , as seen e.g. in |3(|, but they tend to be small and so 
mgaugino tends to be anomalously small compared with m s f ermion . See for a 
recent discussion and how this could be evaded by a certain type of metastability. 

4. Insignificant A terms. A terms vanish to one-loop at the messenger scale, and are only 
generated at lower scales with two-loop factors, from one-loop RG running induced 
by the (already small) one-loop gaugino masses. 

Gauge messenger models, on the other hand, have qualitatively different properties: 

1'. Non-zero (generally tachyonic) one-loopi contributions to soft masses Trigf ermion- 

2'. Tachyonic contributions to the two- loop sfermion m 2 s j ermion at the messenger scale. 

3'. Non-zero, one-loop gaugino masses, already at 0(F/M), included for the gauginos 
associated with massless (unhiggsed) gauge field subgroups. 

4'. Significant A-terms, V D AqQOqW +h.c. with Aq generated at one-loop and non-zero 
at the messenger scale. 

These observations have a long history. In the context of the inverse-hierarchy || 
type models, a diagram leading to (1') one-loop m 2 s f erm i on was mentioned in [[7], but not 
explicitly computed as it was observed to be insignificant in their model because of an 
additional suppression by {rn susy /MGUT) 2 <C 1 as compared with the two-loop f^ s ^ rmion - 
In the context of analytic continuation in superspace [p7|,|34| , a proof was given that there 



cannot be one- loop contributions to rn 2 f erm i ori (as we will discuss, the loophole in the proof 



s f ermion 

is simply that J d 4 6 ln(^ i=1 XiX{) ^ if N > 1). The tachyonic two-loop Tn 2 f erm i on 
contributions (2') were discussed using analytic continuation in superspace in []3"4jl , and it 
was noted that the net result is typically tachyonic. The fact (3') that gauge messengers 



This should not be confused with the well-known (see e.g. [3q,39[]) one-loop contributions 
to rriQ, proportional to the hypercharge, coming from a one-loop induced (D A ) ^ 0. Messenger 
parity [38|, a J A — > —J A symmetry to keep (D A ) = 0, is introduced to eliminate those problematic 



one-loop mqs. The one- loop tuqS we're discussing have nothing to do with (D A ) and can occur 
for non-abeliang groups, regardless of whether or not messenger parity is imposed. 
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evade the issue of vanishing gaugino mass contribution was noted in [28], and an explicit 
computation of the non-zero, one-loop, 0(F/M) gaugino mass was given in for a model 
with gauge messengers. The fact (4') that there can be significant A terms with gauge 
messengers was noted using analytic continuation in superspace [p7| , |34]] . 

We aim to clarify these issues, and to generalize them in a model-independent, current- 
algebra based framework, much as in [jl|] , which does not rely on a weakly coupled hidden 
sector. The gauginos and visible sector sfermions get susy-breaking soft masses from 
diagrams similar to those of |lj], see Fig. 1, except that here the blobs denote the full 
propagators (the sum of the series of 1PI propagators) of the vector-mult iplet fields. 




Dl 







DA D5 

Figure 1. Diagram Dl is the chirality-flipped propagator S(p 2 ). Diagrams D2-D5 contribute to the 
masses of sfermions and involve the spin 0, 1/2, and 1 gauge superfield propagators, A(p 2 ), A a ^(p 2 ), 
and A^2,(p 2 ), respectively. 

Consider a general situation with gauge group G' in the UV@, spontaneously broken 
to subgroup G C G' at some energy scale my = tuq' /g- We separate our discussion into 
effects associated with the propagators of massless gauge fields (denoted by A), and those 
associated with the propagators of massive gauge fields (denoted by A'). In the general 
case where the gauge group is partially broken, with some gauge fields remaining massless, 



We use primes to denote UV extensions or versions of quantities. 
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both effects are present, e.g. sfermions get masses from both the massless gauge fields and 
massive gauge fields, as in Fig. 2. 




(a) (b) 



Figure 2. The gauge fields in (a) are massless, while in (6), they are massive. 

For example, with SU(5) —> SU(3) x SU{2) x U(l), the first diagram (a) includes gauge 
mediation by the Standard Model gauge fields (including massive SU (5)/ [577 (3) x SU (2) x 
£7(1)] in the blob), while the second diagram (b) includes new effects from the additional 
massive gauge fields of 577(5). 

The unbroken gauge fields have supersymmetric tree-level spectrum. (Clearly, (F^ 1 ) = 
—K l i dfoW only breaks those generators which are already broken by (</>*).) So the un- 
broken gauge fields in Fig. 2a yield a contribution to the sfermion soft-masses which is 
two-loop and similar to [0 , except that the massive gauge fields contribute to the propaga- 
tors of the unbroken gauge fields, and lead to the new effects (2') and (3') mentioned above. 
The new effects (1') and (4') mentioned above comes from direct coupling of visible sector 
to the broken gauge fields, Fig. 2b, which can have susy-splittings already at tree-level. 

The outline of this paper is as follows. In sect. 2, we will provide a technical outline 
and summary of our results. Section 3 is devoted to a general discussion of gauge field 
propagators and current algebra, including discussion of spontaneous symmetry breaking, 
NG boson supermultiplets, and how the super-gauge field multiplet components get their 
masses. In sect. 4, we discuss gauge mediation by any remaining massless gauge fields, 
as in Fig. 2a, and in particular the new qualitative effects from the contributions of the 
massive gauge messenger fields to the correlators of the unbroken currents, as in Fig. 3. 
These lead to the characteristic properties (2') and (3') of gauge messengers mentioned 
above. 
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Figure 3. The external gauge fields are massless, and the internal ones are massive. 

In sect. 5, we discuss the effects of coupling the massive gauge messenger gauge fields 
directly to the visible sector matter, as in Fig. 2b, and how this leads to the properties (1') 
and (4') above. In sect. 6, the susy algebra structure of the soft terms, and the small susy- 
breaking limit are considered. Section 7 is devoted to examples and, in sect. 8, we conclude. 
Appendix A summarizes some basic aspects of susy and notation, susy breaking, spurions, 
and analytic continuation in superspace. In appendix B we demonstrate the equivalence of 
three methods of computing the effective potential, which generally have different regimes 
of validity, namely our current-correlator expression vs the Coleman- Weinberg potential 
vs the effective Kahler potential, where the methods are simultaneously valid. 

Note added: After this work was substantially completed, and it was presented at the 



Simons Summer Workshop |4(|, we learned of M. Buican and Z. Komargodski's indepen- 



dent work on a similar topic [f|TJ; we thank them for bringing their work to our attention 
prior to its completion, and for communications and comments on our paper. There is 
also a small amount of overlap (e.g. in parts of our sect. 3.1) with parts of the otherwise 
complementary recent work E| , and also with |43[ . 



2. A technical outline and summary of results 

In this paper, we suppose that the the hidden, susy-breaking sector couples to the 
visible sector via gauge interactions ( |1 . 1|) , and work in small g perturbation theory. The 
hidden sector can (fully or partially) break the gauge symmetry, in addition to supersym- 
metry. The broken gauge fields have mass my, which we treat as order my = O(g ) in 
our perturbative expansion. Much as in [PJ, we do not need to know every detail of the 
hidden sector - the relevant information is how the hidden sector contributes to the current 
correlators. 
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2.1. Tree level contact interactions 

One effect, which we mention for compieteness but which wiii not be so important for 
the considerations of this paper, is present already at tree-level, and regardless of any susy 
breaking. Integrating out massive vector multiplets in (|1 . 1| ) induces a well-known contact 
interaction in the low-energy theory 

Clow ^ , 2 , AB I d 4 9J A J B D - ^ /_2 \AB I dA ®Jvis<Jhiddeni (2- 1 ) 

AB Z[m V> J AB [m V> J 

which is a correction to the low-energy Kahler potential (see |nj for a recent discussion of 
its curvature). Here A and B are gauge adjoint indices (which we'll often suppress). This 
interaction accounts for the coupling of J A to (V A ) = — (m v 2 ) AB J B , and illustrates that 
the visible sector notices the hidden sector just via its effect on the gauge fields. 

The interaction (|2.1| ) can yield tree-level gauge meditation to the visible sector, namely 
visible sector susy-breaking D-type soft sfermion masses, if (Jhidden)\e 2 e 2 7^ 0? l - e - ^ 
F T B F ^ 0. In this noted long ago [p8J, the EOM yield 

(D A )(m 2 v ) AB = -2gJ2(FrT r B F r ) = -2gF T B F . (2.2) 

r 

Current conservation (gauge invariance) ensures that {Jhidden)\s 2 = 0- The relation (|2.2|) 



implies that (D) is not an independent susy-breaking variable when my ^ 0. So .D-term 
breaking is included in a general analysis of F-term breaking, except in the very limited 
class of models (abelian gauge theories with added FI term) where (D) ^ and m v = 0. 

If the hidden sector is an O'Raifeartaigh-type model of F-term susy breaking, with 
gauge interactions included by taking the fields $ in reps of a gauge group G (as in 
e.g. P-[7|, |25| - |30| , ^4] - ^6| etc.) then we can take 4>qT b ^>q = 0, and then gauge invariance 
of the superpotential and the EOM (assuming canonical Kahler potential) imply that 
F T B F = (see e.g. p]|). So in these cases {J B idden)\e 2 e 2 ~ (D B ) = and there is no 
tree-level susy-breaking mediation to the visible sector. To have (|2.2[) non-zero, the hidden 
sector must break susy by a combination of D and F-terms (and/or have non-canonical 
Kahler potential) as in the SU(3) x SU(2) theory [|| discussed in []32|]; see also flTp . 

We will here mostly focus on cases without tree-level gauge mediation, where ( |2.2| ) 
vanishes, and the leading susy-breaking gauge mediation to the light fields of the visible 
sector is via loops. We'll illustrate some aspects of the case where ( |2.2|) is non-zero in the 
FI model |24]] example, in section 7. See [42 for a recent, thorough discussion of tree-level 



gauge mediation. 



7 



2.2. Gauge field's full propagators are the fundamental quantities 

The observable, susy-breaking effects in the gauge and visible sectors can be obtained 
from the propagators for the component fields of the gauge vector supermultipleti 

A AB (p 2 ) = i{D A {p)D B {-p)) = & AB (p 2 ), 

A^JV) = i(\£(p)*S ("P)> = P aa A 1/2 (pi)/p\ (2.3) 
tf?(p 2 ) = i{V A (p)V B (-p)} = (v^- Pf ,Pu/p 2 )Ai(p 2 )/ P 2 . 

Here A, B are adjoint group indices. Unbroken susy would imply Aq = A]/2 = Ai = 
A SMsy (p 2 ), and A = 1 for a free, supersymmetric vector multiplet. The mass spectrum of 
any Higgsed gauge fields, in particular, shows up as poles in these propagators. Since the 
masses of the Higgsed gauge field can have susy-breaking mass differences already at tree- 
level, O(g ), so can the location of the poles of the propagators (|2.3|) . The susy-breaking 
effects for the visible sector matter and gauginos will now be expressed in terms of the 
following super-traced combination of the above propagators, 

s^V) = a^V) - ap^A^fV) + /Va; b ( p 2 ), 

= A ^V) - 4A AB (p*) + 3AfV), ^'^ 
together with the chirality-flipped gaugino propagator, 

X AB (p 2 ) = ^<A£(p)Af(-p)), (2.5) 

both of which would vanish if susy were unbroken, S susy = T, susy = 0. The propagator 
( O ) would also vanish if there is an unbroken R-symmetry, as R(E) = —2. 



2.3. Visible sector soft masses and a-terms, from the propagators 

Our general results can be summarized as follows. The 0(g 2 ) soft susy-breaking 
gaugino masses (in particular for the gaugino superpartners of any remaining massless 
gauge field) is 



in 



A *ino = lim> 2 £^V)). (2.6) 



qauqino „ 

p 2 — >0 



The visible sector sfermion soft masses are computed from the gauge-field propagators as 
™% = S 2 (J A K +9 2 E 1*1% I + {g % (2.7) 



5 We normalize these fields to have canonical tree-level kinetic term. 
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where T A is the group generator in the representation rn of the matter field Q. The first 
term in ( |2.7|) generalizes the hypercharge contribution of the MSSM, the Yf£ contribution! 
of [0; one often imposes messenger parity to kill this term. The second term in (|2.7|) is 
generated by the diagrams of fig. 1 (diagrams D2, D3, D4 give the terms in ( |2.4|) ). 

Finally, there are visible sector susy-breaking A-terms. These are conveniently de- 
scribed by keeping the auxiliary components Fq of the visible sector matter fields Q, as 
then the A-terms all arise from the susy-breaking term 

£ e ff D AqFqQ which implies V D AqQOqW. (2.9) 

Clearly, such a term is non-zero only if there is R-symmetry breaking, as R(Aq) = —2. If 
the visible sector has Wt ree = mijQiQj + YijkQiQjQk, then ( |2.9[ ) yields "non-diagonal" 
soft masses {rn 2 od )ij = bij = (Ai +Aj)rriij, and scalar trilinear couplings a^-fc = (A{ + Aj + 
Ak)Yijk- By keeping the auxiliary field Fq in ( |2.9[ ), these terms have a unified description. 
The coefficient Aq is generated by a loop diagram similar to diagram D3 in fig 1, but with 
the external replaced with Fq. The loop then has a Q matter propagatorB and the 
i?-symmetry breaking gaugino mass propagator given in ( |2.5| ), giving our result 

A Q = - V£l&l5 / (gl^-(^). (2.10) 
The fact that ( p.4|) and (|2.5|) are related to susy-breaking can be seen by noting that 



AB {p 2 ) = -^(Q 2 {D A { P )D B {-p))), (2.11) 



sAi V) = 7^(Q 2 (Q 2 (D A (p)D B (-p)))), (2.12) 



It can be written in terms of a D A expectation value using 

(D A ) = -g(J A ). (2.8) 



7 We use the massless 1/p 2 propagator for the Q matter, as in ( |2.7| ), because the momentum 
integral gets its main contribution at the messenger scale, where we assume that any tree-level Q 
mass is negligible. Otherwise, the visible sector mass should be included in the propagator. 
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where Q 2 (. . .) = {Q a , [Q a , (•••)]}; thus (|2.11| ) and (|2.12|) would vanish in a susy vacuum. 



Using (|2TTTD and ( gTg ), we can now rewrite (£§, (£7|), and ( |2TTq ) as 

lim - 



<i™ = K 7 (Q 2 J D A (p)D S (-p)), (2.13) 



,2 r A± 



A Q = -yE«' / p^4«2 2 ^ A (p)^(-P)))), (2.15) 

We could also consider the diagrams of fig. 1 with non-zero external momentum k 
and, taking d/dk 2 , compute the wavefunction renormalization Zq. Here we'll simply note 
that the result in the case of unbroken susy is 

B f d4 P 1 a AS {p 2y (216) 



Z Q Dl-2g 2 J2K T r B Q I 

AD J 



{2tt) a p 



4 ^4 — susy \ 



AB 

We'll use (|2.16| ) to connect our general results Q2.14 ) and (|2 . 1 5|) with spurion-method based 
results in the limit of small susy-breaking. 

2-4- A quick check, comparing with RG running, with explicit soft susy breaking 

Though we're here primarily interested in spontaneous susy breaking, we can also 
apply the above expressions to the case of explicit susy breaking. We'll use this as a quick 
check of the normalizations, by connecting with known expressions for RG running. As 
a warmup, consider ( |2.16| ) and note that, since lim p 2^ 00 Af^ sy (p 2 ) — > 5 AB + 0(g 2 ), the 
0(g 2 ) contribution in (|2.16| ) has a log divergence at large p 2 , which is cut off using 

<Vl> ' ^_LlnA 2 + finite. (2.17) 



(2tt) 4 p 4 16tt 2 

Defining t = ln/i, and using d/d In A = —d/dt, we thus obtain from ( |2.16| ) 



dlnZn dlnZn q 2 , . „„. A . , 

id: = ~^ = - 4 js? oj(r « )+0(9 »' (2 ' 18) 

which is the correct expression for the one-loop anomalous dimension. 

Now consider explicit susy breaking, with the gauginos given a soft-breaking mass 
M\, and the gauge group unbroken. We then have at tree-level A (p 2 ) = Ai(p 2 ) = 1, and 

*"V) = ^^^ AB ^{ 9 % S-V) = A-^_ + 0{g 2 ) (explicit breaking). 

(2.19) 
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Using these in the expressions ( [2.71) an d ( |2.10|) , both the rrvq and Aq momentum loop 
integrals have a log divergence at large p 2 , which using (|2.17| ) gives 



These agree with the soft term beta functions (see e.g. ||48|1 ), giving a check of the minus 
signs and factors of 2 in ( |2.7| ) and ( ^.1U ). From here on, we'll only consider spontaneous 
susy breaking. 

2.5. Computing the propagators, from hidden sector current correlators 

To use the results (|2.13| )- ( |2.15| ), we express the above gauge field propagators (VV) in 
terms of {J J) current 2-point functions. The main distinction from the unbroken gauge 
field case is that we generally need to consider the full (rather than 1PI) propagator, 
summing the series of 1PI contributions. The full propagator of the spin 1 gauge field (in 
Landau gauge!) is related to the spin 1 current 2-point function's function Ci(p 2 ) by 

A M ,(P 2 ) = i{V»{p)Vv{-p)) = - - \~ - 2 .. L„ - + 0{g% (2.21) 

p 2 (l + g 2 C 1 (p 2 )) \ V / 

Similarly, the scalar component D of the vector multiplet V has full propagator 

A(p 2 ) = i(D(p)D(-p)) = - i— + O(g'). (2.22) 

1 + 9 2 C {p 2 ) 

The gaugino has full propagator given in terms of the (j a ja) and (J a jp) functions by 

aup 2 ) = i(K(p)\«(-p)) = - — z~ ,J aa 'f 2? , ns / 2 + &)> 

1 + g 2 C 1/2 + g 4 B\ /2 (l + g 2 C 1/2 )- 1 B 1/2 /p 2 

(2.23) 

and mass-type, R-symmetry breaking (-R(S) = —2) propagator 

£Cp 2 ) = ^(A«(p)y-p)> 

1 ~ 1 (2-24) 

= g 2 -^B 1/2 = ^ ^ + 0(g 4 ). 

l+9 2 C 1/2 ' (l + g 2 C 1/2 )p 2 + g*Bl /2 (l+giC 1/2 )-iB 1/2 



8 The final expression for physical masses is, of course, independent of the gauge choice. The 
effective potential does depend on the gauge choice. As illustrated in J49| ] , Landau gauge simplifies 
e.g. the form of the effective Kahler potential. 
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Using these propagators in (j2.4|) , the sfermion mass is given by ( |2.7|) , with 

(\ AB 
— L_ — - — * — „ — , — + ^ 
1 + g 2 C 1 + g 2 C 1/2 + g 4 B\ /2 (l + g 2 C 1/2 )-^B 1/2 /p 2 1 + g 2 C x 

(2.25) 

These expressions apply in full generality, whether or not the gauge group is broken, and 
whether or not there are gauge messengers. 

2.6. Broken vs unbroken symmetries 

Let's now summarize how the current correlators, and consequently the gauge mul- 
tiplet propagators, are affected by spontaneous symmetry breaking. For unbroken gen- 
erators, the current correlators are regular at low-momentum, and are O(g ): C^ nbr = 
C™9 ~ g° and Bffi = B[ e f 9 2 ~ g°. 

For broken generators, on the other hand, the current 2-point functions get pole 
contributions, where they factorize on the NG boson states: 

c b a rok ( P 2 ) = <5r<V) + <tV), B\)t = s^v) + k^p 2 ), (2.26) 

where a = 0, 1/2, 1 and the "pole" contributions are only present for the Higgsed part of 
the gauge group. In particular, 

{d AB )P ole = (Hil^ with (TO 2 )AB = (2 . 27) 

9 V 

and Cq ' 6 , Ci/^' an< ^ ^pife can nave similar expressions, though their poles are generally 
displaced away from p 2 = 0, to p 2 = Sm 2 , by susy-breaking effects. All of the pole 
contributions in (|2.26|) are proportional to rriy/g 2 . 



A key point is that we consider a perturbative expansion, of small g, but with fixed 
my. Then, while the "reg" contributions in fl2.26p are 0(g ) in our counting, the pole 
contributions C^° le and B^° l 2 e are counted as 0(g~ 2 ), and then the full propagators, with 
the 1PI contributions resumed, are needed. The pole contribution ( |2.27| ) then shifts the 



pole of the full gauge field propagator to be at m v , corresponding to the gauge field getting 
a mass from the Higgs (Schwinger) mechanism. The current algebra approach does not 
assume weak coupling. The other full propagators are similar: the other components of 
the massive vector multiplet get mass my + Sm 2 , where Sm 2 are susy-breaking shifts. 
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2. 7. Special cases and connecting with earlier results 

For unbroken gauge groups, or more generally for unbroken subgroups of partially 
broken groups, the above resumed propagators are overkill: since their hidden sector 
current-correlators are O(g ) and we work to 0(g 2 ), we should simply expand out the 
denominators in ( |2.21| ), ( |2.22| ), ( |2.23| ), and ( |2.24| ). Our expressions then reduce to 

E AB (p 2 ) = -g 2 S AB [C Q (p 2 ) - 4C 1/2 (p 2 ) + ZCtip 2 )} + 0(g 4 ) (unbroken (sub) groups), 

(2.28) 

E AB (p 2 ) = g 2 8 AB Bl/2 [ P ' + 0(g 4 ) (unbroken (sub) groups). (2.29) 

p2 



And then ( |2.6|) and (|2.7|) properly reduce to the results of for the special case of unbroken 
gauge groups. 

Also, in that case, our general relations ( |2.11|) and fl2.12|) reduce to the expressions 



were given in [21 1, there directly in terms of the hidden sector current-correlators rather 



than the vector propagators^: 

(Q 2 (J(p) J(-p))) = -4B 1/2 (p 2 ), 

1 ~ 2.30 

(Q 2 (Q 2 (J(P)J(-P))} = 8p 2 (C (p 2 )-4C 1/2 (p 2 )+3C 1 (p 2 )). 

The relations ( |2.30| ) actually apply whether or not the J symmetry is spontaneously 



broken. When the symmetry is unbroken, they imply the relations of [21 



m gaugino = ~^g 2 J d 4 x(Q 2 (J(x) J(0))) (unbroken), (2.31) 

m 2 Q = g 2 T A (J A ) - ^l^g^rQ) J d 4 xHx 2 M 2 )(Q 2 (Q 2 (J(x)J(0)))) (unbroken), 

(2.32) 

which can be obtained as special cases of our more general ( |2.13| ) and ( |2.14| ). 

As another special case, consider non-gauge messenger Higgsed gauge fields (broken 
gauge fields with a supersymmetric tree- level mass spectrum). This happens if the pole 
contributions are supersymmetric: CP° le {j> 2 ) = C^°f y = rriyg~ 2 jp 2 , coinciding for a = 
0, |, 1, and B v °^ = 0. It then follows that 

E AB = — g 2 S AB ( , ^ ) [C res (p 2 )-4<5 1 r ^(p 2 )+3C i 1 re5 (p 2 )l (no gauge messengers) 
\p z + rriy J 1 

(2.33) 

9 The difference is a Legendre transform, since the currents are sources for the gauge fields, 
e.g. D o 8/8 J. 
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and 

2 

^ AB = 9 2 S AB , 9n o ^i/2(p 2 ) (no gauge messengers). (2.34) 
(fr + rriyY ' 



In this case, our general expression (|2.7|) properly reduces to the result of |T8| for Higgsed 
gauge mediation without gauge messengers. 



As seen in (|2.29|) , massless gauge fields (or, more generally, non-gauge messengers) 



have £ = (D(g 2 ), and then ([2TT0|) and (|2^|) gives A Q = 0(# 4 ), a 2-loop effect. In this 



case, (|2.10| ) essentially reduces to an expression given in |I7[] for a^k- 



2.8. One-loop sfermion mases and a-terms with gauge messengers 

When there are gauge messengers, the C^ ole for a = 0, 1/2 can have their poles can 
be shifted away from p 2 = by susy-breaking effects (and B^ 1 ^ can be non-zero when 
susy-and R-symmetry are broken). Then, as seen from ( |2.25|) , the massive gauge fields can 
have S ^ already at tree-level, O(g ), 

Z AB (p 2 ) = Z A ' B '(°\p 2 ) + E AB ^(p 2 ) + 0(g 4 ). (2.35) 

The O(g ) term S" 4 B (°\p 2 ) is present only for the broken generators A',B', while the 
0(g 2 ) term 'E, AB ^ (p 2 ) is present for both broken and unbroken generators. Explicitly, the 
O(g ) term is given by using the pole contributions in ( |2.25| ), 

~(°) ( P 2 ) = L ^ ^ t ^ ^ + 8 



1 + g 2 C p ole 1 + g 2 C\°^ + g*B*f* f (1 + g 2 C\°^) ^B^ /p 2 1 + f? 2 Cf oZe ' 

(2.36) 

Using this in the second term in ( |2.7| ) yields a non-zero one-loop contribution to the visible 
sector sfermion tuq, which is unique to the massive gauge messenger's direct coupling to 
the visible sector sfermions. 

Let's consider the one-loop contribution to uiq in more detail. The general expression, 
obtained by using ( |2.36|) in the momentum integral ( |2.7|) will be rather complicated. But 
for a certain class of theories, the result is readily evaluated: in cases where B v ^ = (e.g. 
if there is an unbroken U(1)r), and where the C a (p 2 ) each have just a single pole term, 
the result of integrating ( |2.36| ) in ( |2.7| ) is simply 



«) m = 9 ^mlJ<^\, (2.37) 



16tt 2 



where Acq = C2(r^) —C2{tq) accounts for the sum over massive generators. We'll see that 
myTTiQ < ra|, so the one-loop masses (|2.37|) are tachyonic. 
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Another case where our general expressions simplify is in the limit of small susy- 
breaking (whether or not one restricts to the class of theories mentioned before (|2.37| )). In 
this limit, the one-loop contribution to sfermion m 2 q (whether or not one restricts to the 
class of theories mentioned before ([2.371) ) reduces to 

The inner product in ( |2.38|) is defined as e.g. 
(0,0)^ = 5>t{T^T B }^ = (m v ) AB /g 2 , (F^) AB = (2.39) 

i i 

etc. (and we simplified (|2.38|) by assuming that the broken generator expectation values 
satisfy (4>,4>) A ' B ' = (0,</>)5 A ' B ', (F^) A ' B ' = (F, <fi)5 A ' B ' , and (F,F) A ' B ' = (F,F)5 A ' B '). 

The expression ( |2.38| ) for the one-loop uiq is manifestly always tachyonic. For large 
my, it exhibits decoupling, giving rriq ~ l-Fp/lmyl 2 - This parameteric dependence is 
similar to the usual 2-loop masses in theories without gauge messengers, m 2 ~ |-F| 2 /|M| 2 , 
with M the mass of the non-gauge messenger hidden sector field. Actually, the one-loop 
contribution (|2.38| ) has even faster decoupling if the large my is associated with a large 
goldstino pseudomodulus expectation value (as in the inverted hierarchy Q type models) . 
As we'll show (using results from [30fl), for large goldstino pseudomodulus the one- loop voq 
contribution ( |2.38| ) scales as m 2 ~ a|F| 3 /|M| 4 . This is special to the one-loop contribution, 
and the two-loop contribution exhibits normal m? ~ a 2 \F\ 2 /\M\ 4 . So in this case, if the 
goldstino pseudomodulus is sufficiently large, the one loop contribution could end up being 
parameterically suppressed as compared with the two-loop contribution. 

Now consider the a-terms, given by ( |2.10| ). When there are gauge messengers, our 
general expression Q2.24Q gives a contribution T, A B for the massive gauge fields which is 
0(m v ~ (7 ), obtained from using C% ole and B^° 1 ^ contributions in (|2.24| ). Using this in 
( ^.10| ) gives a 1-loop contribution, Aq ~ 0(g 2 ), given by 

4» = -2,/ y. « f-^-^'" a ' b '(p 2 ) 

J 1 ' \ (2.40) 
= -2/(c 2 (ry-c 2 M ) y i gjiE-'«(p 2 ) 

where T, pole A ' B ' is the O(g ) term in (|2.24[) obtained by replacing C a -> C% ole and B 1 / 2 ->■ 
By 1 ^ and in the last line we simplified the sum by taking Y, pole A B = 5 A B T, pole for the 
broken generators). 
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In the small susy- breaking limit, we will verify that the one- loop expressions ( |2.38| ) 
for the sfermion mg, and ( |2.40| ) for Aq, agree with results which can be obtained from 
the one-loop effective Kahler potential of ||9| and references cited therein. More generally, 
for arbitrary susy-breaking, these one-loop effects can in principle be determined from 
the one-loop Coleman- Weinberg potential, computed as a function of non-zero Q and Fq 
background expectation values. Aspects of this connection will be given in an appendix. 

2.9. Two loop contributions to rriQ 

Our general expression ( |2.7| ) also gives the 0(g 4 ) two-loop contribution to m^, upon 
using the 0(g 2 ) term of ( |2.35| ). This contribution is present for both broken and unbroken 
gauge fields coupling to the visible sector. For unbroken gauge fields, ( j2.28| ) applies. For 
broken gauge fields, we need to expand ( |2.25| ) using ( |2.26| ), treating the regular contribu- 
tions perturbation, e.g. 

1 1 1 o 1 



4\ 



- ~ , - , -g C r a e9 ( P z ) „ + o( g r 

l + g*C a (p 2 ) l + g 2 C p a ole (p 2 ) l + g*C p a ole (p2y 1 + g*CZ° le (p 2 ) 

(2.41) 

where the first term is 0(g ) and the second is 0(g 2 ). 

There are tachyonic contributions to the two-loop tuq masses, mediated by both 
massless and massive gauge fields, as in Fig. 2a and 2b. For the massless gauge fields the 
expansion (|2.28| ) applies, and the functions C^ nbr (p 2 ) there get additional contributions 
from a loop of massive gauge field, as in Fig. 3, which contributes to C^ nbr with the 
opposite sign as that of massive matter. Consider, in particular, the UV behavior, which 
is independent of any spontaneous symmetry breaking, and is determined by the leading 
x — > term in the current- current OPE, much as in [l]], 

sAB fABC iCtr^ 

Our normalization is such that a weakly coupled theory with matter fields $i in represen- 
tations rj of the symmetry group G would contribute to (|2.42|) 



as 



Cmatter = ^2,T 2 {r i ) (weakly coupled) , (2.43) 



where as usual we define Tr(T r ^T r f) = T 2 ( ri )S AB and an SU(N) fundamental has T 2 (N) = 
Unitarity requires that matter contributes c mat ter > 0. But, with gauge messengers, 
the massive gauge fields yield an additional negative contribution. As seen in background 
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field perturbation theory, the coefficient c is equal to the contribution of the massive fields 
to the one- loop beta function b\ = 3T2(G) — T2(matter) of the gauge coupling g: 



c = -(h l 1 -b 1 ) = c 9au9e + c matter , c 9auge = 3T 2 (G) -3T 2 (G') < 0. (2.44) 
The total c in ( |2.44j) can be positive or negative. 

2.10. One-loop gaugino masses, enhanced already at O(F) 

Our general expression ( |2.6| ) for the susy-breaking contribution to the gaugino mass 
applies for both the broken G' /G generators, as well as the unbroken G generators. Let's 
consider, in particular, the masses of the gaugino partners of the massless G gauge fields. 
In this case, using ( |2.29|) , the expression ( |2.6|) reduces to the expression of |] 

<a^-o = 9 2 B^ 2 br (0) (unbroken (sub) groups). (2.45) 

Although the expression is the same as in cases without gauge messengers, the gauge 
messengers can still have a dramatic effect; they can provide a beneficial enhancement of 
these gaugino masses as compared with the standard, non-gauge messenger case. 

Let's first recall the suppression of gaugino masses in the case of gauge mediation 
without gauge messengers. The effect is evident at 0(F) in a small-susy breaking expan- 
sion, and the higher order in F terms in the more general case do not alter the result much. 
In this limit hidden sector matter contributes 



B^ 2 br (0) = c *Jf. + ° ( F | ) ( no § au § e messengers) 



o + o(f 



M 2 



(2.46) 



(weakly coupled), 



where q is the contribution to the OPE coefficient in (]2.42 ), given by Cj = T 2 (n) in 
weakly coupled theories. The vanishing in ( |2.46| ), at least in the context of weakly coupled 
examples (e.g. taking all q = 1), comes from ^ CiFi/Mi — > Tr(FM~ 1 ) = IndetM = 0, 
where X is the goldstino superfield and the vanishing is related to the condition that susy 
is spontaneously broken P8| , see |3^| for a recent and general discussion. 

In theories with gauge messengers, the cancellation in (|2.46| ) does not occur, as was 
noted in p8| , p9| . There are now contributions from both the matter, and also from massive 
gauge multiplets running in the loop, as in Fig. 3, so B™j£ r = B^^ matter + B^J^ gauge . 
Consider, for example, weakly coupled theories where the goldstino pseudomodulus gets a 
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large expectation value, (X), where the group is Higgsed G' — > G, resulting in a low-energy 
theory with relatively small susy-breaking. The low-energy theory has a loop correction 
to the G gauge kinetic superpotential term 

W low D -Aj InX (W a W a ) G , (2.47) 

which leads to a gaugino mass proportional to the coefficient k 

unbr __ Fx ,~ aq\ 

qauqino -1 r 9 v ' \ °) 



As usual, the coefficient k in ( |2.47|) is related to the contribution of the massive matter to 
the beta function, k = c unbr = c unbr , gauge _j_ c unbr, matter _ j n ^^ggg c l asS es of theories, as in 

|29[1 , k can also be related to the contribution of the integrated-out matter to the U(1)r 
ABJ anomaly TrRG 2 , and thus to the amplitude for the R-axion to decay to two Vq gauge 
fields: 

k = c unbr,gauge + c unbr,matter = 3 ( T (G) - T(G')) + ^T 2 (r l ) 

(2.49) 

k = -(T(G') - T(G)) - J2(R* ~ l)r 2 (r 4 ), 

i 

where the 3(T(G) — T(G')) is the contribution of the G"/G vector mutiplets (T(G) = 
T 2 (adj), e.g. T 2 (SU(N)) = N) to ^^^^(0) and R, = R(<S>i) are the R-charges of 
the hidden sector matter fields under a (generally anomalous and approximate) tree-level 
R-symmetry. We'll illustrate all this for some weakly coupled examples in sect. 7. 

2.11. Generalizing to visible sector pseudomodulus effective potentials 

Suppose that the visible sector has some classical D and F flat moduli, as is the case 
in the MSSM. Then susy-breaking effects from the hidden sector generate an effective 
potential V e ff(Q,Q), which reduces to V e ff(Q,Q) ~ rriQ\Q\ 2 near the origin. The full 
form of the effective potential, for (Q) away from the origin, could be useful for some 
applications, e.g. cosmology, if the fields happen to start away from the origin (see fl5(| for 
discussion and analysis in the context of weakly coupled ordinary gauge mediation). We 
here find the general expression from 



V ^ = 2 Tr J (2^{ ln(1+ ^ r) - 21n ^ + 3 2 C\f 2 f + —jf- +31n(l+, 2 Cn}, 

(2.50) 
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where the Tr is over the adjoint gauge indices of C„ B etc. The dependence on (Q) arises 
because here 



riAB.tot syAB | s~tAB,vis -r>AB,tot tjAB , D A_B,uis / r-i\ 

=^a > #i/ 2 =^1/2+^1/2 ' t 2 " 51 ) 

where C^ B,VIS and B 1 , B ,' vts are additional visible sector contributions to the current cor- 
relators. Since we're interested in a classically supersymmetric (Q), we have 

QAB,vis = Q{T A ,T B }Q + Q ^ ~AB,vis = Q + ( g 2^ (252) 

where we'll now just consider leading order in g 2 . Using the pole contributions for the 
hidden sector C a and -B1/2 then gives the one- loop effective potential; we could similarly 
use the regular contributions to the current correlators to compute the two-loop effective 
potential. 

We can also recover the a-term ( |2.40|) from the one- loop effective potential (|2.50|) , by 
generalizing ( |2.52| ) to include a background expectation value for Fq. It suffices to work 
to O(Fq), and the visible sector contributes 



Va)i5 = + 0(\F Q \% (B 1/2 )iS = JQ ' F J )AB + 0(\F Q n (2.53) 



Using these as additional contributions in ( |2.50| ), we obtain an effective potential that, 
upon extracting the 0{Fq) term, gives a term in the visible sector soft- breaking effective 
lagrangian0 

C vls D j d 4 ee 2 k(Qe 2V ,Q) D F Q d Q k(Qe 2V ,Q). (2.54) 



This yields at one loop 



W(I<2I 2 ) = 2Ac Q (F Q ,Q) ' — g . (2.55) 

(1 , g 2 \Q\ 2 , „2nV° le \ 2 i 9 1 1/2 1 



Expanding k(\Q | 2 ) around the origin, k(\Q\ 2 ) « A Q \Q\ 2 + 0(\Q\ 4 ) } gives the A-term ffOCD . 



10 Such a soft-breaking potential was considered in [51|, and their result can be compared with 
the special case where our Bi/ 2 {p 2 ) is replaced with a momentum-independent constant m\. 

19 



3. Gauge field propagators and current algebra 

We here give a general, current-algebra based description of current correlators, al- 
lowing for the possibility that the symmetry is spontaneously broken, G' — > G, as well as 
spontaneous supersymmetry breaking. Because the symmetry G' is to be gauged, we do 
not include explicit symmetry breaking. So the associated current is necessarily conserved, 
and thus satisfies D 2 J = D 2 J = (the covariant version, once the symmetry is gauged). 
So, even if the symmetry is spontaneously broken, 

J = J + iOj- id] - 6a»6j^ + Uee^d^j - Uee^d^j - x -eeM{uj + j D ), (3.1) 

with <9 M j M = and the other components unconstrained (here (Jp) = FqT Fq, which 
vanishes in the case of unbroken symmetry). Equivalently, supersymmetry relates the 
higher components of the multiplet to the J component as 

ja = ~i[Qa, J], U = -\°i a ({Q*, IQ°, J]} ~ {Qa, [Qa, J]}), (3-2) 

where, again, this holds whether or not any of the symmetries are spontaneously broken. 

The current 2-point functions are constrained by the symmetries to have the same 
general form as in 0, regardless of whether or not the symmetry is spontaneously bro- 
kerfl 

(J(p)J(-p)}=C (p 2 ) (3.3a) 
(ja(p)U-p)} = ~< a pA/2{p 2 ) (3-36) 
(jMjv{-p)) = ~(P 2 V^ - P^Pu)Ci(p 2 ) (3.3c) 
(Ja(p)jp(-P)) = £ a pB 1/2 (p 2 ) (3.3c?) 



We suppress the adjoint indices - if the currents have indices A and B, the functions in 
( ^73] ) have adjoint indices, C^ B and . If the symmetry is unbroken, C^ B = S AB C a 
and Bfj* = 5 AB B 1/2 . Also, as usual, we drop a (2tv) 4 5^ (0). 

At short distances, i.e. large p, it does not matter whether or not symmetries are 
spontaneously broken: the theory becomes effectively supersymmetric, and any sponta- 
neous breaking of the J symmetry becomes irrelevant. The UV behavior of the current 



li 



It can be shown, as in |||], that {j A {p)J B (-p)) = ik^f ABC ' {J°) /k 2 : , where f ABC are the 



in 

group structure constants. We'll take f ABC {J C ) = 0, so (j A {p)J B {—p)) will play no role here. 
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correlators is thus substantially the same as was discussed in |T|; the C a , for a = 0, 1/2, 1, 
all have a universal dependence on the UV cutoff A 

lim C a (x 2 ) = C a (p 2 ) = ln(A/M) + finite, (3.4) 

and B 1 / 2 (p 2 /M 2 ) is finite. The coefficient c is given by the OPE ( |2.42|) . As remarked 
there, and we'll discus further in the next section, the constant c appearing in ( |2.42| ) and 
fluOD need not be positive, since massive gauge bosons contribute negatively to c. 

The gauge field propagators can be expressed as follows in terms of the current cor- 
relators (|3.3| ). In a superspace notation, the 1PI correction to (V(p)V(— p)) is —g 2 (JJ), 
and summing these 1PI corrections gives the full gauge field propagators. Consider first 
the spin 1 gauge field. The 1PI self energy is Yl IJiU (p 2 ) = (g^ u — p^p v /p 2 ){— 9 2 Ci(p 2 )). 
Summing the series of these gives the full gauge propagator^ 

— i f p^p v 



<V? bWH>)> S -i^) = p2{1 + g ^ ))AB ^ -'-$-)+ °(A (3.5) 

Similarly, the scalar component D of the vector multiplet V has full propagator 

(D A (p)D B (-p)} = -zA(p 2 ) = + O(g'), (3.6) 

(1 + g 2 C (p 2 )) AB 

where in ( |3.5| ) and ( |3.6| ) we have explicitly written the A, B adjoint indices. The gaugino 
has propagator (now suppressing the adjoint indices) 



1 + g 2 C 1/2 + 9 4 B[ /2 (1 + g 2 C 1/2 ) 1 B 1/2 /p 2 
which comes from summing 1PI terms as 



a 

J? 

(3.7) 



where the combinatoric factor is because, while the n -B1/2 and n -Bj^ 2 necessarily alternate 
along the propagator line, the m Ci/ 2 s can be sprinkled anywhere among them. We can 



12 We generally work in Euclidean space, but it should be understood that, e.g in the numerator 
of Afj, u , we use Minkowski without introducing new notation. Note that g 2 Cf ole = m v /p% uc = 
—m v /p 2 Mink , so the ordinary Minkowski space, Landau gauge propagator is recovered. 

13 For simplicity, take Cjyf and to commute, [C1/2, B1/2] = 0, though (3/7) is general. 
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also form the chirality flipped gaugino propagator, which differs from the sum (|3.8|) in 



that we have an extra fij , 2 factor (correspondingly, replace 2n + m — > 2n + m + 1 in the 
combinatoric factor) and the sum then yields 

E ^ = -^MM-P)) = y^ — 2 ~ ~ + (3-9) 

^ 2 (1 +9 2 C 1 / 2 ) 2 p 2 +9 i \B 1/2 \ 2 

In the following subsection, we discuss how spontaneous symmetry breaking of the 
J symmetry, and supersymmetry, show up in the current-algebra. We'll next discuss the 
coupling to gauge fields, and the mass-spectrum of the Higgsed vector multiplet in this 
description. 

3.1. Pole contributions to current correlators when the symmetry is spontaneously broken 

At long distances, spontaneous breaking of the J symmetry has a dramatic effect on 
the current correlators (|3.3j ) . When the symmetry is unbroken, the current J has vanishing 
1-point function, and the functions C a (p 2 ) and Bi/ 2 {j> 2 ) in ( |3.3j ) are regular, without poles, 



at p = [21]. On the other hand, when there is spontaneous symmetry breaking, the 
J has non-zero 1-point functions between the vacuum and NG boson and superpartner 
states. These current one-point functions lead to the additional "pole" contributions ( |2.26| ) 



to C' a and By 2 , where the prime indicates that it's a broken generator of the UV theory. 

Consider first the pole contribution to C{, which is a standard effect. We'll first 
consider the broken symmetry as a global symmetry, and next discuss the effect of making 
it a gauge symmetry. When the j M symmetry is spontaneously broken, the current does 
not annihilate the vacuum, but instead creates a NG boson state: 

(n A ' (p)\j^ B ' (x)\0) = iv A/ 6 A ' B 'p^e- ip - x , (3.10) 

where A' runs over the broken generators (if the symmetry breaking is G — > G', then 
A' G G' /G) and va 1 (a.k.a. f^, but not here) is a real order parameter for the spontaneous 
symmetry breaking. Current conservation d^j^ = implies that 7r is massless. We can 
write the associated contribution to the current as j A D — iv a'9^tv a . The j A two-point 
function can then factorize on two one-point functions, leading to 



d pole A'B' (p 2 )= V A ,5 AB ^ (3 n) 
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where the 1/p 2 comes from the intermediate propagator with the massless NG boson n 
and we have arranged the numerator in ( |3.11| ) to be a diagonal matrix by a choice of basis. 
In a general basis, Cf ole is written in terms of a matrix (v 2 ) AB , 



C pole AB {p2) = LM_ (312) 



We also allow A and B in ( j3.11 ) to run over any unbroken generators, simply taking v a = 
for them. 

Supersymmetry, even if spontaneously broken, implies that each NG boson has super- 
partners, and resides in a chiral superfield 

IP 4 ' = (a + in) A '(y) + y/2d^\y) + 66F A '(y), (3.13) 

(with y M = x^+iOa^O, as usual [531), and a and 7r are real fields, with n the NG boson (we'll 
often suppress the index A' 6 G'/G). We are here considering the "doubled" NG case, 
in the terminology of the large literature^ on NG bosons in susy theories. As exhibited 
with ( |3.10| ), the broken currents (x) act as interpolating fields, to create the NG boson 
state \tt a (p)) from the vacuum. We'll now use the supermultiplet structure of the chiral 
superfield ( |3.13|) to show that J A and j A likewise act as interpolating fields to create the 
states \a A (p)) and \ip A (p)), respectively, from the vacuum. 

Consider first the case of unbroken susy, which was already considered in [p7| , |o^[| , whose 
results we'll now recall. Writing the NG boson fields as the chiral superfield ( 3.13j ), we 



have e.g. [Q a , 0] = -iip a , {Qa, i>p} = 2ze Q/ gF, {Qa,^ a } = 49 Qd ^, etc., where 4> = a + m. 
The states, on the other hand, transform like the functional derivative with respect to the 
field, so Q a \4>) =0, Q a \i>f3) = -ie a p\(j)), Q a \4>) = &Paa\ip a ) etc., which yields e.g. 

QaW) = -iQa\n) = 2ip a6l \tp a ) , Qa\lpp) = -ie<xp\<t>), Qa\$a) = -2iPaa\F), 

(3.14) 



14 The "non-fully doubled" case refers to the possibility that some of the NG supermultiplets 
can have both ir and a in ( |3 .13 ) being true NG bosons. The fully doubled case occurs e.g. if G/H is 



a symmetric space; see e.g. []54j for a nice discussion. Much of the large literature on (pseudo) NG 
bosons in supersymmetric theories considers ungauged symmetries, where both fully doubled and 
non-fully doubled are viable possibilities. Gauging a case with non-doubled NG bosons would lead 
to a peculiarity: there would not be enough bosons in the spectrum to complete the longitudinal 



polarization of a massive vector supermultiplet, so supersymmetry would be "shattered" [55,52]. 
We believe that this phenomenon can not occur, that the NG bosons of gauged symmetries must 
be fully doubled, to avoid gauge anomalies (as seen in the example presented in 
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where \<f>) = \a) + i\jv). It follows from ( |3.14|) that e.g. [Qd, QJ I 71 ") = — 4<9 a(i |cr). Combining 
this with the susy-relation ( |3.2| ) between and J, it follows that 



( P )\jf (x)\0) = -\^(n A '(p)\[Q a: Q a }J B '(x)\0) = (a A '(p)\ iPfI J B '(x)\0). (3.15) 



Likewise, we can use the susy relation ( |3.2|) , j a = — i[Q a , J], and (|3.14|) to relate (ip a \jp\ty 



to (a | J|0). The upshot is that supersymmetry relates the one-point function as 

(a A '(p)\ J B '(x)\0) = v A ,& A ' B 'e-^\ (n A ' (p)\j B ' (x)\0) = iv A ,6 A ' B ' , 

, , 3.16 

««(p)|j# (^)IO) = ~VA'6 A B Cape-*"*, 

with susy implying the equality of the coefficient va 1 in each one-point function in ( |3.16|) . 
As seen from ( |3.16j ) , the current supermultiplet fields act as interpolating fields for creating 
the NG supermultiplet fields: 

J A ' D v A 'a A> j A ' D v A ^' a , jf D -iv A >d^ A '- (3.17) 

Writing it in superspace, 

J A ' D \v A >^ A ' +h.c. (3.18) 

The one-point functions (|3.16| ) lead to pole contributions, analogous to ( |3 . 1 2|) , for 
Co(p 2 ) and Ci/ 2 (p 2 ), with the poles displaced from p 2 = when susy is spontaneously 
broken. Consider first the case of unbroken supersymmetry. Then all C a (p 2 ) are equal, 
and B1/2 = 0. In particular, Co(p 2 ) and Ci/ 2 (p 2 ) must then also have a pole contribution, 
coinciding with ( |3.12| ): 

~ , ~ (v 2 ) AB 

CP a °=o,i/2,i = CP sus V = (unbroken susy). (3.19) 

If susy is unbroken, the NG superpartners a and tpn are massless, and the pole in CQ° le and 

pol 
1/2 



Cr^ 6 come from factorizing using ( |3.16| ) on an intermediate a or tp^ state, respectively. 



We now allow for spontaneous supersymmetry breaking. Of course, Ci° le is unchanged 
and the massless NG boson tt still resides in a chiral superfield (|3.13|) , with partners a and 



■i/v, but now the F-component F A in ( |3.13| ) can have a non-zero expectation value. The 
one point functions ( |3.16| ) are not altered by spontaneous susy breaking: in particular, the 



order parameter v A > remains the same for the spin a = 0, 1/2, 1 1-point functionsEl. The 



15 Once susy is spontaneously broken, ( [3.14| ) should be re-expressed in terms of the supercurrent 
acting on the states, since Q a does not exist (it's associated with a zero momentum goldstino). 
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effect of the susy breaking is to give the fields a and if) n susy-breaking mass splittings from 
the massless NG bosons it. There are still pole contributions C'J ,ole (p 2 ), for a = and 
a = 1/2, from where they factorize on the a and tp^ states, respectively. But now the pole 
are shifted away from p 2 = 0, and are instead at the susy-breaking masses bm^ = m 2 , and 

C' a (p 2 y° le = - - - single pole case, (3.20) 
p z + drria 

with 5m 2 = 0, of course, since the NG boson it remains massless. As we have noted, 
the coefficient v in the one-point functions ( |3.16| ) are equal, even if susy is spontanesouly 
broken. So supersymmetry, even if spontaneously broken, implies that the residues in 
( p.20|) are all equal to v 2 , for a = 0, 1, 2. As we'll discuss shortly, (|3.20|) is a special case, 
and more generally there are several poles. 

An example of how the partners a and if) n can get susy-breaking masses is via 

W sp ut = \{5m l/2 + \5m 1/2 \ 2 e 2 )U A 'u A ', (3.21) 

where the 9 2 term keeps tt massless. It follows from (|3.21| ) that the susy-breaking mass 
splittings of the scalar and fermion partners of the NG boson are related 

Stjiq = 28m 1 / 2 (F-term breaking) (3.22) 

which is a characteristic relation of F-term breaking. We'll briefly discuss D-type breaking 
later, and note that the relation ( |3.22|) does not hold in that case. The example ( |3.21| ) 
is incompatible with an R-symmetry, but it has a simple variant that is compatible with 
unbroken R-symmetry: 

W sp iu,r = ^\5m 1/2 \ 2 9 2 U A 'u A ' + 5m 1/2 U A '^ A \ (3.23) 

where ^ A are some other fields, and ( |3.23|) respects an unbroken U(1)r symmetry under 
which R(U A ') = and R(E A ') = 2. It gives susy breaking mass splittings in the NG boson 
supermultiplet which also satisfy ( |3.22j ). 

In ( |3.20| ) we have written a single pole term. More generally (and as we'll illustrate 
in weakly coupled examples), CQ° le (p 2 ) and Cy^ip 2 ) can have a sum of pole terms 

f^pole _ ST^ r 0,i T^pole _ ST~^ r l/2,i (n c)a\ 

° -2^ p 2 + 6m 2y W/2 ~ 2^ p 2 + 5m 2 /2 i - ^> 
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Supersymmetry, even if it's spontaneously broken, implies that the sum of the residues 
of these poles are constrained to equal v 2 . The multi-pole situation occurs if the NG 
superfield IT couples to some other fields by a slightly more involved analog of the 
superpotential ( |3.23|) , e.g. 

W = [M + 6 2 (\M\ 2 + \5m 2 \)]U A 'u A ' + 5mU A '^ A '. (3.25) 

In this case, the superpartners a A and ip A of the NG boson % A mix with the other fields 
of the susy-breaking sector. 

Perhaps it's worth commenting on our terminology. Once susy is broken, and the 
poles of CQ° le (p 2 ) and Cy l 2 e (p 2 ) are displaced away from p 2 = 0, the reader might question 
the meaning of the distinction between the "pole" and "regular" contributions in ( |2.26| ) to 



the C a ^i(p 2 ) and B 1 / 2 (p 2 )- Our view is that it does remain useful, even when susy is spon- 
taneously broken, to make the distinction between the "pole" contributions, which come 
from factorizing the current two-point functions onto one-point functions, and the "regu- 
lar" contributions, which do not (it might be better to refer to the terms as "reducible" and 
"irreducible," but we'll stick with "pole" and "reg," respectively). An important distinc- 
tion between the pole and regular contributions is that they contribute at different orders 
of small g perturbation theory. Again, this is because we take ray = 0(g ), and hence 
CP° le and B\°^ are oc v 2 = 0(g 2 ), versus the regular contributions, which are O(g ). 

We can give a general parameterization of the leading susy-breaking effects by con- 
sidering the general form of C^ ole (p 2 ) and By 2 (p 2 ) i n the limit p 2 — > oo. Because the 
spontaneouus susy breaking becomes irrelevant in this limit, the (JP ole AB all coincide with 
Qpoie ab ^ ag gj ven j n C |3 i2|) , to 0(l/p 2 ). Any susy-breaking (whether or not it is small) 
then has the leading effect for large p 2 which can be parameterized as follows 

p^poie _ p^poie , v 2 SrriQ ( 1 

c ° - C1 + —^ + u {p^ 

Stti^ f i 

Cffi = Cr' e + — ^ + 0[-e) ( 3 - 26 ) 



where we'll take ( |3.26|) as definitions of susy-breaking effects (Sm 2 ) AB , (Srriy 2 ) AB , and 
m AB (and we suppress the (AB) gauge indices in ( |3.26|) ). In the case where C^ le and 



x 

oolt 



^i°/2 nave the simple, single pole form ( |3.20|) , the parameters 8m^ and 8m\, 2 in ( |3.26| ) 
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simply give the pole displacement from p 2 = 0, as in (|3.20 ). More generally, whether or not 
there is a single pole, we will find that the parameters Stjiq and Sm,y 2 in ( |3.26|) are related 



by (|3.22| ) when the susy-breaking is only by F-terms. Since -B1/2 breaks the R-symmetry, 
having R(Bi/ 2 ) = —2, the parameter m x in ( |3.26|) is also, of course, only non- vanishing if 



there is no unbroken R-symmetry: in terms of R-breaking spurions, it has R(m x ) = —2. 

Also note that, because all C a coincide to 0(l/p 2 ) in the limit p 2 — > oo, the sums of 
the residues of the poles in ( p.24| ) must coincide with that of C\ ole in ( p.ll| ), and the sum 



of residues of By 1 ^ is equal to the coefficient m x v 2 in ( |3.26|) : 

^Residues(<5 a (p 2 )) = v 2 , Residues (B 1/2 (p 2 )) = m x v 2 . (3.27) 

We'll see that ( p.27|) implies that StrM 2 \ vectorrnu i tip i et is independent of my. 

Our discussion so far did not assume a weakly coupled description. We now give more 
explicit, general expressions for weakly coupled realizations of spontaneous symmetry and 
susy breaking. Take the fields of the hidden sector to be $ (suppressing flavor and gauge 
indices), which contribute to the current as J A = &T A $. Now expand around the non- 
zero $ background as $ = $o + 5$, allowing for susy-breaking via vevs $o = </>o + # 2 -?o- 

a' a' 

Globally, $ can vary away from $q i n the NG directions as $ = e n T $cb an d we'll do 
a linearized expansion. The current supermultiplet is expanded for general, small <5$ as 

J A> = $ T A '$ + $ T A '8<$> + 5$T A '$ + 5$T A '5$. (3.28) 

The linear terms in 5$ show how the broken generators create the NG bosons ( |3.13| ) from 
the vacuum, and we can write these linear term contributions as in ( |3.18|) , with 

J A ' 3 \ v 'a^ A ' + h.c. with ~v A ,n A ' = $ T A '5$, (3.29) 

where va' are normalization constants. 

The pole contributions then come from the linear terms in ( p. 28 ), with the two-point 



functions of these terms giving poles from the p)) propagators. This gives 

i i 'yA'yB 
~^pole AB r^A 1 'yB ^ypole AB <yA 1 'yB ^pole AB 1 1 



f^ipole AH ■yA ■y B ^pole AH 'yA 'y B sypole AtS 

G ° _1 P 2 + M 21 ' - 1 p 2 + M 2 /2 1 °1 -—jfi 



B\t AB = ~^ B -^^^T A f 



(3.30) 
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where here we denote = (T A (f)o, 0qT ), T A = T A ^ (using bars to denote conjugation 
to stay out of the way of the indices) and the mass matrices are, 

MM + V T 

7 MM+V 



M o = { ' „ .,.-,-]> M l/2 = ( . . I . ( 3 - 31 ) 




where Mij = Wij, and Tij = WijkW k , and 

V{ = g 2 {T A )l(J A ) V) = g 2 {T A ))(J A ). (3.32) 

We use a compact notation, where we suppress indices when the meaning is unambiguous, 
but they can quickly be restored by noting that (1) we take (p to be a row vector and 
<p a column vector, and (2) the position of the indices is an indication of chirality. For 
example, we have <p l and (pi. As another example, the condition for gauge invariance of 
the superpotential is W{F A% j<pi = 0, and we write the first derivative of this equation as 
MT A (po = (FT A ) T . As is evident from (|3.30|) , C^ le and C^° l 2 e are generally given by 
sums of pole contributions, with the poles shifted away from p 2 = 0, as in (|3.20| ). 

The T> term in ( |3.31|) is associated with .D-terms (see ( |2.8|) ). Note that the masses Mq 
and My 2 in ( |3.31|) are similar to the standard expressions for tree-level masses, but with 
(7—7-0. The g ^ contributions to the masses will instead come from summing the gauge 
corrections to the propagator. That said, the inclusion of the D-term contribution ( |3.32j ) 
perhaps looks strange, because of the g 2 factor. Actually, ( |3.32| ) should be understood 
as a (/-independent contribution, in the (7—7-0 limit. The point will be that, despite 
appearances, the V contribution to the masses (|3.31| ) can be independent of g, (much as 
in the example of |j2|), as we'll illustrate with the FI model example. For much of the 
following discussion, we will anyway focus on F-term breaking, and set T> = 0. 

Summarizing, weakly coupled theories have C\ ole AB (p 2 ) given by (|3.12| ), with 

(v 2 ) AB = t A T B = O {T A , T B }<p = (4, <Po) AB - (3.33) 

The susy-breaking mass shifts are parameterized as in (|3.26| ) , and considering the functions 
( |3.30|) for p 2 — 7- 00 reveals that weakly coupled theories with only F-term breaking, T> = 
have (using inner product notation as in ( |3.33j )) 

«r = 2 tfr B = 2 ^ ab ' < b = txS- ( 3 - 34 > 

In particular, if any charged matter field has non-zero F-term, it follows from (|3.34| ) that 
5mQ > and Sm 2 ^ 2 > are strictly positive: the locations of the Cq and Ci/ 2 poles are 
necessarily shifted away from p 2 = in theories with only F-term breaking. We'll illustrate 
how ( p.34| ) are modified when there is D-term breaking, T> 7^ 0, in the FI model example. 
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3.2. Gauging the G symmetry 

We now couple the G' currents to G' gauge fields, with 

C int D-g [ d 4 9J A V A D g(JD - Xj -Xj- (3.35) 



The NG boson chiral superfields Il A are then, of course, eaten and become the extra 
components of the massive G' /G vector multiplets: tt becomes the longitudinal component 
of the gauge field, a becomes the real scalar C, and becomes the additional gaugino 
X- This can be illustrated in various (super) gauge-choice, e.g. unitary gauge, setting H A 
to zero in ( |3.18| ) and (|3.29| ). Instead, we'll employ Wess-Zumino gauge to set C and x to 
zero in the gauge multiplet, and their d.o.f. return as coming from the TL A . We'll also 
use super-Landau gauge. One could use a general gauge adding, and later decoupling, 
unphysical ghost degrees of freedom, but we'll mostly stick to super-Landau gauge. 

Before getting into the details of the gauge multiplet propagators, let us note a few 
basic points. The coupling of ( |3.18[ ) to the vector multiplet yields the terms 

CD J d 4 $g(^v A ,Il A ' + h.c.^J A ' D gv A \a A ' D A ' + iip A ' X A ' + h.c. - iv A 'd^ A '). (3.36) 
As usual, the tv a coupling in (|3.36| ) is associated with the gauge field v A getting a mass 

(ml) AB = g 2 (vY B - (3-37) 

Likewise, the a A D A coupling in ( |3.36| ) corresponds to the CD vector multiplet coupling 
in unitary gauge, with a A -H- C A , and the interaction in (|3.36| ) gives the propagating 
real scalar a supersymmetric mass equal to ( pj.37| ). Likewise, ( |3.36j ) gives ip A <H- x A > the 
additional gaugino of the massive vector multiplet, with (|3.36|) pairing the fermions with 
supersymmetric mass equal to ( |3.36|) . We can also consider at this stage the susy-breaking 



effects. For example, if a A gets an additional susy-breaking mass-squared SitIq, then the 
real scalar of the vector multiplet has 

(m 2 c) AB = 9 2 (v 2 ) AB + (Sm 2 ) AB . (3.38) 

This mass shift is positive in unitary theories with only F-term breaking, itiq > my. 
The fermions can get masses from both the coupling in ( |3.36|) and also, for example, the 
susy-breaking coupling 5m 1( / 2 appearing in (|3.23|) : 

C D igvA'ip A X A + 5mi/ 2 tp A ip A (R-symmetric case), (3.39) 
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which respects a U(1)r symmetry under which R(X) = R{ip^) = —Rtyn) — 1- This gives 

5m 1 / 2 X + imyipq, 



two fermions of mass = \ rn v + Sm 2 , 2 : , •i/v, 



1/2 

one fermion of mass = 



(3.40) 



id 



2 v + 5m 2 1/2 



The fermions on the top line are the two gaugino mass eigenstates of the massive vector 
multiplet, which are here degenerate with each other, but not with the vector multiplet: 

= m| 2 = m v +5m 2 ^ 2 > m v . The degeneracy of the gauginos in this case follows from 
the R-symmetry, as they then marry with a Dirac mass. In theories without R-symmetry, 
there can be Majorana mass terms m x ^ 0, and then m\ ^ m \ 2 ■ The massless fermion 
in (|3.40| ) is also a consequence of the U(1)r symmetry, as it is then needed for Sm 2 ^ 2 ^ 0, 
to contribute a massless fermion with R = 1 to the Tri? and Tri? 3 't Hooft anomalies. 

We'll now re-derive the above mass spectrum from the current-algebra based approach, 
directly from our expressions for the gauge multiplet propagators and the pole contributions 
to the current correlators. Consider first the full propagator ( ^.5| ) for the gauge field, using 
C\ = Ci° le + C[ e9 , with Ci° le given by (|3.11|) . The result is the the massive gauge field 
propagator 

V = ~2 ~ T (9»» ~ ^) ( 1 " 9 2 Cr(P 2 )^-r) + 0{9% (3.41) 
p z — rriy \ P J \ V ~ m v J 

where 

(m 2 v ) AB =g 2 (v 2 ) AB =g 2 v 2 A S AB . (3.42) 

The pole in C\{j> 2 ) at p 2 = eliminates the pole of the gauge field propagator (|3.5| ) 
at p 2 = 0; instead, the pole of ( pT5| ) is at p 2 = rriy. This is the "Higgs" (Schwinger, 
actually |59|] ) mechanism for giving a gauge boson a mass, re-deriving ( |3.42[ ) from the 
current-algebra based approach. Dropping the g 2 C[ eg term in Q3.41] ), which is a one- loop 
correction, the leading, tree-level propagator for the gauge field is 

A(0) _ - gg) _ ^ - g p^/m 2 v 
t* p z — m v p z — m v p z 

This exhibits the unphysical massless ghost, which cancels with the eaten NG boson0. 



16 One could add gauge fixing terms for a supersymmetric i?g gauge (see e.g. [60] and references 
therein), where the unphysical ghost has mass ^my, interpolating between Landau gauge, £ = 0, 
to unitary gauge, £ — >■ oo, where the ghost and eaten NG boson decouple. 
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Similarly, for the propagator ( |3.6|) of the real scalar, using Co = Cq° e + Cq C9 yields 
' f l ~ 9 2 C^(p 2 )——^—) + 0{g% (3.44) 



~ 1 + g 2 C pole * ' 1 + g 2 C pole (p 

At tree-level, dropping the 1-loop correction g 2 CQ eg (p 2 ) for the moment, the propagator 
( PD has poles where 1 + g 2 C pole (p 2 ) = 0. As we'll see, this is complicated in general. 
In the simple case where C p ° e has a single pole term, as in flOOp , at p 2 = -Sm 2 a , then 
( p.44|) gives for the tree-level propagator of the real scalar of the vector multiplet 



AM = J 1 * + (3.45) 
p l + ovtlq + rriy 

with pole at 

m c = m,y + Suiq, (3.46) 

which is the mass of the propagating scalar field (it's the C field in unitary gauge) of 
the massive vector multiplet0. We have thus re-derived ( |3.42| ) from the current-algebra 
approach, and see that (|3.42| ) applies in the simple, single pole case. 

Likewise, the tree- level A^°2 is obtained by replacing Ci/2(p 2 ) and Bi/ 2 (p 2 ) in fl3~7j ) 
with their pole contributions C p " l ^(p 2 ) and B p ° l ^(p 2 ). The locations of the poles are 
complicated in general, but for theories with -B1/2 = 0, and with C^ le and C p ° 1 ^ having a 
single pole as in (|3.20|) , the result is 



p aa (p 2 + 5m\ /2 ) 2 ^re gf 2, (P 2 + Sm 2 1/2 ) r> 

Aaa ~ p 2 (p 2 + 5m 2 1/2 + m 2 v ) y " 9 C V2^ >pi(pi + 5m 2 l/2 + m 2 v )l + ° {9 > {Bl/2 ~ °>- 

(3.47) 



The poles here correspond to the mass eigenvalues discussed in ( ^.4U| ) : there is the massive 
gaugino pole at 

m A = m v + ^ m i/2' (3.48) 

and an additional pole at p 2 = 0, as in (|3.40| ), coming from how the <5mi/ 2 susy-splitting 
between the (two degenerate) gauginos and the gauge field occurs, as in ( |3.23| ), in a theory 
with unbroken U(1)r symmetry. 



17 We refer to the propagating real scalar of the vector multiplet as C, even though we here set 
C = in WZ gauge. Then the two real scalars, D and the component a of the NG chiral superficial 
II, have a matrix of kinetic terms to diagonalize. One linear combination of D and a remains a 
non-propagating auxiliary field, and can thus be set to be a constant. The other eigenvalue is a 
propagating scalar field, called C above, can thus be equivalently thought of as D or a. 
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Let's now consider cases where CQ° le and C^ ole involve a sum of pole terms, as in 
( p.24j) . This happens if the NG superfield IT couples to other hidden sector fields e.g. 
as in ( |3.25| ). In that case, the NG boson's partners a and have a mass mixing matrix 
with those other hidden sector fields. Including also the couplings in ( |3.36|) , results in 
the massive vector multiplet fields C, A, x getting masses given by m v plus appropriate 
eigenvalue of the mass mixing matrix. We don't evaluate it explicitly because we'll instead 
use the current algebra approach. Consider first the tree-level propagator A^°^(p 2 ) in 
( |3.44| ), in the case ( ggg ), where C% ole is the sum of say n terms. Then A^°\p 2 ) has poles 
at the n solutions of 1 + g 2 CQ° le (p 2 ) = 0, which is an n-th order polynomial equation in 
p 2 . One of these solutions is the m 2 c mass, and the other n — 1 are masses of hidden sector 
states that mix with the C field. Similar considerations apply to A^°2(p 2 ), which has poles 
corresponding to the gauginos and states they mix with. 

In the simplest case, where the C a have a single pole, as in fl3.2Q ), the relation ( |3.22j ) 
implies that the massive vector multiplet has tree-level mass supertrace 

StrM2 (vector multiplet = ~ £ 6m l AB = ~ J2 (X^VAB < ° (single P ° le) ' 

broken a,b broken ab ' 

(3.49) 

where we used ( |3.22j ) to write Sm^ — 45m 2 ^ 2 = —5m 2 , and in the last expression we 
specialized to the case of a weakly-coupled hidden sector. 

Note that the mass my of the gauge field has dropped out of the supertrace ( |3.49| ), 
and there is an analog of this statement also for the multi-pole case. As discussed above, 
the n roots of 1 + g 2 CQ° le (p 2 ) = yield n physical mass-squareds, which we'll call m^, . It 
follows from the a = case of flSTTTD that Yh=i = m v + ■ ■ •» where • • 

. are determined 

by the CQ° le (p 2 ) pole locations, independent of g and my. Likewise, it follows from the 
a = 1/2 case of ( |3.27[ ) that Yl7=i m '\ i = m v + • ■ ■• So if we take a super-trace over the 
massive vector multiplet, along with the hidden sector states that they mix with, we get 



m v (l — 4 + 3) + . . . and the my drops out, generalizing the observation about (|3.49|) . 

This observation that my drops out of StrM 2 \y can be applied as follows. Consider 
taking my to be much larger than all other mass scales in the theory (say in the single-pole 
case, for simplicity). One could then consider a low-energy description of the hidden sector, 
in which the ultra-massive vector multiplet was integrated out. If the hidden sector has 
spontaneous susy-breaking at tree-level, with a weakly coupled description and canonical 
Kahler potential in the UV, then the full theory has StrM 2 = 0. Since the massive vector 
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multiplet has supertrace ( |3.49| ), the remaining light fields of the hidden sector low-energy 
theory for ray large and integrated out must have opposite supertrace 



swv = + E 5 < AB = E >a < 3 - 50 > 

broken a,b broken a,b ' 



This can be compared with the general formula [61 



StrM 2 = 2R kI F k F I , (3.51) 

and the result of |Tl| for the curvature of the tree-level Kahler potential of the light fields 
when vector multiplets are integrated out: 

^ 2((T A y k (T B ) ll + (T A ) kl Tr'T B ) , 
broken a,b 

Using this in ( |3.51|) , the first term in ( |3.52|) indeed agrees with ( |3.50|) , and the second term 
does not contribute here because we're taking (D ) = (and we see from ( |2.2|) that we're 
here assuming that FT A F = 0). 



4. Gauge mediation by unbroken G gauge fields for G' — > G 

Consider the general situation with UV gauge group G' , spontaneously broken to 
subgroup G C G' at some energy scale ray . In this section, we consider the susy-breaking 
effects which are mediated by the massless G gauge fields. As a concrete example, we 
can consider G' = SU(5)gut and G = SU(3) x SU{2) x U(l), but our discussion will be 
completely general. Because unbroken gauge groups do not have tree-level susy-splittings 
(gauge messengers), the G' mediated effects can be considered in the framework of |]J, 
without much modification. The main modification is that, for non-Abelian groups, the 
massive G' jG gauge fields contribute in the loop to affect the G current correlators, acting 
as additional messengers with unusual signs. 

The results for the soft masses are as follows. The gaugino superpartners of the 
massless gauge fields get soft mass 

M Ggaugino = g 2 B^ r (0). (4.1) 
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The visible sector sfermions Qf get diagonal soft masses 

> ' 1 ] 

broken A' B' 

br/J2\ | 

L/5 



M 4 ? 2 " ' (4.2) 



where C2(?"q) is the quadratic Casimir summing over only the massless gauge fields, re- 
stricting the adjoint indices A, B to G in (|2.7| ). The unbroken gauge fields do not have the 
pole contributions to their propagators, so 1 E unbr reduces as in ( f4.2|) to the expression of 
jl]. The broken contribution in comes from the massive G' /G gauge fields coupling 
directly to the visible sector fields, as in Fig. 2b, and we defer discussing these contribu- 
tions to the following section. Since we're just discussing the unbroken contributions in 
this section, we'll henceforth drop the "unbroken" superscript reminders. 

The massive G' jG gauge fields contribute to the G currents, and thus to the unbroken 
B1/2 and C a correlators: 

Cr br {p 2 ) = C g a auge (p 2 ) +C™ atter (p 2 ), 

sffitf) = sf/TV) + BT/t e V)- (4 ' 3) 

The "matter" contributions are those from the hidden sector which may or may not be 
weakly coupled, much as in 0. The "gauge" contribution can be computed in g pertur- 
bation theory. They account for the correction, from a loop of massive gauge fields, to 
the propagators of the unbroken gauge fields (the analog of the correction to the photon 
propagator from a loop), as in Fig. 3. Note that the group theory implies that both 
of the gauge fields running in the loop, labeled A' and B' in Fig. 3, are massive - there 
is no diagram with one internal massive and one internal massless gauge field. This is 
because a broken and an unbroken generator can only combine to give a broken genera- 
toiEl, [G'/G,G\ C G'/G, i.e. f AB ' c = 0. Since diagrams with a gauge loop like Fig. 3 
would have a factor of f AB c from a diagram with one massive and one massless internal 
propagator, it can only get contributions if both internal propagators are for massive G' /G 
components. 

The UV behavior of the functions C a (p 2 ) is controlled by a constant coefficient, c, as in 
(|3~4]), C a ~ clog A. c gives the contribution of the sector to the beta function of the gauge 



18 To see this, take all the G' generators to satisfy (T A T B ) = \5 AB , Tr(T A ' T B ') = \5 A ' B ' , 
Tr{T A T B ) = 0, where A, B run over the unbroken subgroup G, and A' , B' run over the broken 
G'/G. It follows from the last equation that f AB ' c - Tr(T A [T B \ T c \) = Tr([T c , T% T B ' ) = 0. 
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coupling when the symmetry is gauged, as is seen from the relation of Ci(p 2 ) to the gauge 
field self-energy, and the relation of that to the beta function in background field gauge. 
So there are gauge and matter contributions to c, associated with their contributions in 
(fOD, given by the contribution of these fields to the gauge beta function: 

c = - b t ) = c 9auge + c matter , c gauge = 3T 2 (G) -3T 2 (G'). (4.4) 



While unitarity implies that c rnatter > 0, we see that c gauge < 0. The total c in 
can be positive or negative. The same coefficient c gauge in ( |4.4[ ) gives the group theory 
dependence of the functions C gauge (p 2 ) and B g ^ ge (p 2 ) when the Higgsing G' — > G is at 
a single scale, {m 2 / ) A B = myS A B . In that case, the sum over the internal G' /G gauge 
fields in the loop in diagrams like Fig. 3, gives (using f ab'C = HTa)b'C')'- 

(Cj> au9e ) AB , [B 9 a au9e ) AB ~ Tr G , /G (T A T B ) = (T 2 (G') - T 2 {G))5 AB = - c 9au9e 8 AB . 

3 (4 - 5) 

Aside from the overall coefficient in Q4.5|) , the functions C gauge and B 9< J^ ge are otherwise 
independent of the choice of groups G' and G. 

Let's first consider the function C 9 ^ 9e {p 2 ) in the case where susy is unbroken. The 
relevant loop diagrams with internal Higgsed vector multiplet components could then be 
computed in supersymmetric background gauge field formalism; as discussed in sect. 6.5 
of [p2| , the loop correction to the gauge field propagator associated with internal gauge 
field loops is just a factor of (—3) times that of a matter field, coming from three chiral 
ghosts. (See also [|60| - |63| for discussion of supersymmetric gauge.) Using (|4.5|), the 
factor is (— 3)(— c 9auge /3) = c gauge . So, if supersymmetry were unbroken, we would have 
-^1/2 93 = an d au G a (p 2 ) would equal 

d 4 k 1 



C gauge (p 2 ) = C g Z: ge (p 2 ) = c gauge J 



(2n)*(k 2 + m 2 v )((p + k) 2 + m 2 v y 

d*k 1 1 (4 - 6) 

(2tt) 4 k 2 [l + g 2 C p s °u%{k)} (p + k 2 ) [1 + g 2 C p s ° u %{p + k)] ' 



c gauge 



With broken supersymmetry, there are analogous expressions for the various C gauge . 
For example, considering the diagram for (j a ja) with internal gaugino, with propagator 
Agg(k), and internal gauge field, with propagator A MI/ (p + k), yields 

~ f d 4 k 1 1 

(jgauge, 2\ = c gauge / U 7) 

1/2 J (2K) 4 k 2 [l + g 2 C p ° l 2 %k)}(p+k) 2 [l + g 2 C pole ( P + k)Y 
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where, for simplicity, we wrote the expression for B 1 / 2 = 0. The function Cf auge can also 
be explicitly determined, though it is rather lengthy (it gets contributions from each field 
in the massive vector supermultiplet running in the loop, and in background field gauge 
these are related to the contribution of each field to the one-loop beta function) so we will 
not write it out here. Finally, the function B 9( J 2 9e gets a contribution from the loop with 
gaugino correlation function E(p 2 ) and A MJ/ (p + k) for the massive fields in the loop: 



£?/TV) = E / 7^ A ' B V)Af B '(b + fc) 2 ) 

A' B' \ 71 ' 

(4.8) 



d 4 k 

d ^ k 9 2 B[ /2 (k) 



(2tt) 4 [i + g 2C'{k)]*k* + g*\B[ (k)\ 2 ((p + ky + m\) ' 



where By 2 and C[^ 2 denote the pole contributions of the massive gauge fields. In par- 
ticular, ( fPf ) contributes to the mass of the gaugino partners of unbroken, massless gauge 



fields as m x = g 2 B™ a 2 tter (0) + g 2 B 9 ™ 9e (0). 



5. Massive gauge messengers' direct coupling to the visible sector 

The effects discussed in the previous section, are not too different from the general 
gauge mediation setup of [[TJ, aside from the massive G'/G messenger contribution with 
Cgauge < 0. We now discuss the direct coupling of the massive G'/G gauge messengers 
to the visible sector matter. Because this is direct coupling of susy-breaking messengers 
to the visible sector, it leads to more dramatic differences from the non-gauge messenger 
case, with visible sector soft terms generated at one lower loop order. 

The contribution of the massive gauge fields to the sfermion ttiq ( |2.7| ) is given by 

"4 = I Wf7- A ' B ' ip2) ' (B ' 1) 

where the sum is over the broken generators A', B' , and S" 4 B (p 2 ) is as defined in ( |2.4| ), and 
given by (|2T25|) , with C£' B ' and B^f given by the sum of pole and regular contributions, 
as in ( |2.26j ). The regular contributions don't know that the symmetry is spontaneously 
broken, so they're all proportional to 5 A B . If the pole contributions are also such that the 
A' and B' broken generators have a single Higgsing scale, then they're also proportional to 
5 A B , so S" 4 B (p 2 ) = E.(p 2 )5 A B , and then the sum over broken generators in ( |5.1| ) gives 

E T 4' T 4' =Acq1 ^I' A CQ ^c 2 (r^)- C2 (r Q ), (5.2) 

broken A' 
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with Acq > 0. For simplicity, we'll consider this single Higgsing scale case in what follows. 
Our results can be straightforwardly adapted for a more general case by adding analogous 
contributions for each Higgsing scale. 

The one loop contribution to voq is given by (|5.1|) and the expression Q2.25Q for S, upon 
using the O(g ) term in H, coming from the pole contributions to the 2-point functions 



S (0)(pS 



+ 



1 + 9 2 CE° le (p 2 ) i , o^pol. , 1 + 



(5.3) 



The two loop contribution to rriQ is also given by (|5.1|) , using the 0(g 2 ) contribution 
S^^p 2 ), obtained from expanding ( |2.25| ) using (|2.26| ), with the "regular" contributions 
giving the higher loop order. Since it is a straightforward expansion, see e.g. (|2.41 ), we 
won't bother to write out explicitly the general, lengthy expression for S' 1 '^). 



To go farther, we will need to evaluate the integral in (|5.1|) using the explicit expres- 
sions for C a and fix/2 i n a given theory. We now evaluate it explicitly in those theories 
where -B1/2 = and C^ ole have single pole, as in ( 3.20 ). In these theories, the above 



expressions for the one and two loop contributions to itlq from the massive gauge fields 
simplify to yield 

d 4 p 1 1 



m Q = -g 2 Ac Q myStr J 



(2tt) 4 p 2 p 2 + M 2 



d A p 1 ( A rriy 



2 



(5.4) 



where we used (1 + v ^l m i )~ 1 = 1 — 2 , where M 2 = my + 5m 2 are the masses 
of the components of the massive vector multiplet, and Str means to sum over a, with 
a = 1/2 weighted by (—4) and a = 1 weighted by 3. The first term in ( |5.4|) are the 
one-loop contribution to the sfermion masses; doing the integral, this gives the one-loop 
contribution to be 

\ m QF = Y^2 Ac Q m v ln [~^8 — J ' (single pole case) (5.5) 

where w? c = rriy + SmQ and m\ = m v +5m 2 ^ 2 . The terms InrriQ— 4 ln ttz^ + 3 lnm v in ( |5.5| ) 
come from the three diagrams in Fig. 4. The expression ( |5.5| ) gives tachyonic (mg)' 1 ' < 
(using e.g. ( |3.22| )), contributing to visible sector StrMq < 0. The expression ( |2.37| ) must 
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exhibit decoupling, uiq — > 0, for — >■ oo; it indeed does, since the susy-splittings remain 
fixed, me/my — > 1 and m\/rriy — > 1, in this decoupling limit. 





Figure 4. One-loop diagrams contributing to the mass of a visible sector scalar. In Landau gauge, the 
"sunrise" diagram for the gauge boson vanishes. 



The second term in ( |5.4[ ), is the gauge-messenger generalization of the familiar two- 

>ol 



loop expression (again, specialized to this case of single poles and Bjl e = 0): 



(m^b^AcQ 



d*p l\ f p 2 + 5mW~ reg fP 2 + 6ml /2 ,2 , p 2 .2 



ireg 



(2n) 4: p 2 \p 2 + m 2 j) V p 2 + m\ J 1 ' 2 \p 2 +m v 

(5.6) 

which should be added to the contribution from any unbroken gauge fields (discussed in 
the previous section). This is similar in form to the non-gauge-messenger case (setting 
M 2 = equal, (|5.6| ) agrees with [TJ], and setting all m 2 = it agrees with Again, 
for the more general case of multi-pole contributions to C V °J^ i(p 2 ), and B^° l ^(p 2 ) 7^ 
the generalization of ( |5.6| ) is obtained by using (|2.7| ) with the 0(g 2 ) contribution to E, AB 
obtained by expanding ( |2.25| ) to 0(g 2 ); it's straightforward, and the expression is lengthy. 





Q 



Figure 5. The diagram giving Aq when Fq is not integrated out. 

We now consider the A terms. Keeping the auxiliary components Fq of the visible 
sector matter fields Q, A-terms arise from a term 

C e ffD J d 4 9 A Q 6 2 Qe 2aV Q D AqFqQ. (5.7) 

The first expression illustrates that Aq multiplies a super-gauge invariant soft term. The 
coefficient Aq is associated with the diagram^! in Fig. 5, which gives the general expression 
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We choose to illustrate it in super- unitary gauge, where x S V is kept. 
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( p.lOj) , whether or not there are gauge messengers. Note that this diagrams looks rather 
different from the loop diagram which generates e.g. a trilinear coupling C D —ciijkQiQjQk 
but computing that loop is equivalent to ( |2.10| ), with aijk = YijkiAQt + Aq j +AQ k ), where 
Yijk is the supersymmetric Yukawa coupling in W D Y^kQiQjQy When there are no 
gauge messengers, ( |2.10| ) gives a 2-loop expression for Aq. On the other hand, when 
there are gauge messengers, the contribution of the massive gauge fields gives a one-loop 



contribution as in (2.40) 



A™ = -2? Ac Q 



d 4 p 1 
(2tt)V 



TP ole {p 2 



(5.8) 



Note the similarity of (|5.8| ) and the 1-loop contribution to unbroken G gaugino masses 



from broken G' /G gauge messengers, m^ n r,9auge = g 2 B^ r ' 9auge (0). Using f] 



m 



unbr 
A 



D g 2 ■ 2c gau9e 



d 4 k 



1 



(2ir) 



-Z pole (p 2 



(5.9) 



p z + my 

The only difference (aside from Acq vs c 9au9e ) is the 1/p 2 , from the Q propagator in ( |5.8|) , 
vs the (p 2 + rriy) -1 , from the massive vector propagator in (|5.9|) . 

We now consider the full sfermion effective potential, which can potentially be useful 



for cosmological applications, as in [p0[ - For sfermions near the origin, the effective poten- 
tial reduces to the quadratic term associated with the sfermion mass ( |5.1|) . For sfermions 
far from the origin, the susy- breaking does not have as large of an effect, and the potential 
flattens, with the characteristic log behavior of a pseudomodulus. The one-loop effective 
potential comes from diagrams with a D, A a , and v a loop. Each is corrected by a 
terms, with n current 2-point functions put in the loop (and al/n symmetry factor, hence 
the logs); this yields: 



V, 



(i) 



1 



eff 



Tr 



G" 



d 4 p 



[ln(l + s 2 C )-21n 



[l + 9 2 C 1/2 ) 2 + 



«4|d |2 

9 I-01/2I 



P 



+ 31n(l + ^ 2 d; 



(5.10) 

where Trc runs over all generators of the UV group G' . This is the generalization of the 
effective potential given in [TJ] to the case of gauge messengers. As we're now used to, we 
expand this expression to (D(g 2 ), with the pole pieces contributing to g 2 C a and g 2 B 1 / 2 at 
O(g ), and the regular terms C a and B 1 / 2 contributing to ( |5.10| ) at 0(g 2 ). 

We want to compute the effective potential ( |5.10| ) as a function of visible sector back- 
ground expectation values (Q). To do so, note that the the visible and hidden sectors are 



39 



decoupled before the gauge interactions are turned on, so we have J = Jhidden + JvisMe 
and in ( |5.10| ) 



C a — (C a 



' hidder 



visible 5 



B a — (B a ) hidden + (B a ) 



visible • 



(5.11) 



Since we're interested in the effective potential with the visible sector fields Q expectation 
values only along D and F flat directions, the visible sector correlation functions are 
supersymmetric : 



/s~i \AB __ Q{T A ,T"}Q ~ 

a) visible — o ' \ n l 2) visible 

pZ 1 



0, 



(5.12) 



where we here only keep the visible sector pole term because we work to leading order in 
fir 2 . Plugging ( p.!2| ) and ( |5.11|) into (|5.10| ) then gives 



2 G 



(27T) 



V 



+ ^ )+31n(l + ^' Q) ■ m v 



+ 



2 In 



1 + 



g 2 (Q,Q) 

p2 



+ 9 2 C 1/2 (p 2 



+ 



9 4 \B ir , 

p2 



(5.13) 

Taking ^rgp of (|5.13|) at (Q) ~ indeed reproduces the (one and two loop) sfermion mass 
thq given above (with ^2^ B (Q,Q) AB — > 2c2{tq) |Q| 2 ); in particular, using CP° le and B\°fl 
in ( |5.13|) reproduces the 1-loop (p.l|) . The potential for large |Q| 2 should reduce to the 



expression found in |jS] for Higgsing pseudomoduli far from the origin: 



8tt : 



X;i^i| 2 (c2(4)-c 2 (r^))lnbg|, for |(Q)| » |(^)| (5.14) 



where is the representation of hidden sector field $i above the scale of the large (Q) 
Higgsing, and r ( j )i is that below. In this limit, the integral ( |5.13| ) is dominated by the region 
of large p 2 ~ |<5| 2 , where we can use the expansions ( |3.26| ) to show that ( |5.13| ) yields ( |5.14| ) 
upon using the weak coupling expressions ( |3.34| ). 

We can also consider a susy-breaking effective potential which generalizes the a-term. 
This potential also follows from the one- loop effective potential ( |5.10| ), by generalizing 
( |5.11|) and (|5.12| ) to include a background expectation value for Fq. It suffices to work to 
0(Fq), dropping terms which are 0(\Fq\ 2 ) and higher in visible sector F-terms (keeping 
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arbitrary order in hidden sector F-terms) . Using the small F expansion expressions in the 
appendix, the visible sector contributes 



{CJiSat, = + 0(\F Q \% (B 1/2 )i B slble = - {Q ^y AB + 0(\F Q \ 2 ). (5.15) 



Using these as additional contributions in ( |5.10| ), we obtain an effective potential that is 



similar to ( |5.13|) , but with the hidden sector B^" 1 ^ AB in ( |5.13|) replaced with B V °J^ AB = 
— (Q 1 Fq) ab /p 2 . Extracting the O(Fq) term, this gives a term in the visible sector soft- 
breaking effective lagrangian0 

C vls D j d 4 ee 2 k(Qe 2V ,Q) D F Q d Q k(Qe 2V ,Q). (5.16) 

This yields 

FQd Q k(\Q?) = 2Ac Q (F Q ,Q) / i£ -g— . (5.17) 

J (2.) (1 + s w +s2 ^ ?)2 + £ i!W 



Expanding k(\Q\ 2 ) around the origin, k(\Q\ 2 ) « Aq|Q| 2 + C(|Q| 4 ), gives the A-term ( |B"lil) . 



6. Susy relations and small susy-breaking expansions 

6.1. susy relations among current correlators, and gauge propagators 



As shown in fl2l |, the current supermultiplet structure implies the relations (|2.30|) 



(Q 2 (J(p)J(-p))) = -4B 1/2 (p 2 ), 

(Q 2 (Q 2 (J(p)J(-p))) = sp 2 (c (p 2 ) - 4C 1/2 ( P 2 ) + 3C 1 ( P 2 )). ibA ' 



Here we instead note that there are analogous relations for the gauge field propagators 

-^(Q 2 (D(p)D(-p)) = <A d (p)A d (-p)> 
P (6-2) 



-^(Q 2 (Q 2 (D(p)D(-p))))=Z(p 2 



20 Such a soft-breaking potential was considered in [51|, and their result can be compared with 
the special case where our Bi/ 2 {p 2 ) is replaced with a momentum-independent constant m\. 
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where £(f> 2 ) is as defined in (|2.4j ). These relations are obtained from the susy- 
transformations of the fields in the vector multiplet, e.g. ||53|| : 



d^D = £a m d m \ - & m d m \ 6z\ = i£D - a mn iv mn . (6.3) 

The susy relations for the gauge multiplet are related to those of the current multiplet by 
Legendre transform, since D <H- 5/5 J, A a -H- 5/5j a , V M -H- 6/6 j^. 

Both (|6.1| ) and (6.2) apply whether or not the J symmetry is spontaneously broken. 



In the case where the J symmetry is not spontaneously broken, the relations (^J) an< ^ 
( |6.2|) coincide with each other (to the relevant g 2 order), and they imply the relations ( |2.31| ) 
and ( |2.32| ) of [21]. When the J symmetry is broken, on the other hand, it is the relations 



( |6.2|) , and not the relations ( |6.1|) , which are relevant for computing the soft susy- breaking 
terms, as in ( |2.13| ) and ( |2.14|) . 

6.2. connection with small susy-breaking limits 

The above results can be connected with spurion-based methods when susy-breaking 
effects are small. The idea is that 

(Q 2 (*)> = 4((*) susy }\ 02 + 0(F\F\ 2 ), <Q 2 (Q 2 (*))> = 16((*) susy )U- 2 + 0(|F| 4 ) (6.4) 

where (*) susy denotes the quantity computed first in the limit of unbroken susy, and 
then replacing the parameters with spurions, which can have susy-breaking 9 2 and 6 
components. Applied to ( |6.1| ) this yields the following relations, which were originally 
obtained in llMl: 



Ct B sy {P 2 )\e* = -B?? 2 +0{F\F\ 2 ), Ci B sy {p 2 )\ e ^ = \p\C* B -AC?* +ZC? B )+0(|F| 4 ) 

(6.5) 

The relations ( |6.5|) remain valid in the gauge messenger case, where the symmetry 
is spontaneously broken, and then the quantities C a and -Bi/2 above should be under- 
stood as the sum of the regular and pole contributions. Consider, in particular, the pole 
contributions. In the limit of unbroken susy, we have 



(Cj-J)" = s (6 . 6) 



To leading order in small susy-breaking, the relation ( |6.6| ) is preserved, where we use a 
spurion analysis, with chiral superfields $ = <J)+6 2 F. We are considering multiple spurions, 
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and could decorate $ with flavor and gauge indices, but we'll suppress the indices. We 
then have the superspace expansion 

(M 2 ) AB = g 2 ($,$) AB = K) 4 ^eV v )"V B +^c. + ^ 2 ^ 2 (m 2 v) iB N)' 4fi ) (6-7) 

2 

where we define 



(m v J =g {00,00) , m =77 — TTZb' ( dm oJ = 2 7I — , ub • ' b -°J 

Wo, 00) VPoAo) 



The relations ( |6.5|) imply that 



B pole AB = _ {0,F) AB + 0(F | F |2 )? ( g_ 9) 



V 

AB 



~ ~ ~ 9(7? F\ AB 
C pole AB _ AC pole AB + ^pole AB = *{ r , ^ + (| F |4)_ 



(6.10) 



These relations can be explicitly verified in the weakly coupled case, by expanding out the 
pole contributions given in ( |3.30|) . We can also immediately verify them in the limit of 
large p 2 , via the expansions (|3.26| ). 

But it is the susy relations fl6.2f) among the propagators, rather than the susy relations 
fl6.1|) among the current correlators, which are relevant for finding the soft breaking terms 
in the gauge messenger case. Applying the relation ( 6.4| ) in the small susy-breaking limit, 
we find the appropriate relations, analogous to (|6.5|): 

1 

p- 



E AB (p 2 ) = -A^> + 0(F|F| 2 ), (6.11) 



and 

~ AB (^ = - _ 

2 susy 



E AB (p) = ^A AB \o^ + 0{\F\ A ), (6-12) 



p- 

where we have for the full (D A (p)D B (— p)) propagator 

AB 



^tusv = ( : ) > (6-13) 



susy 



1 



i + g 2 c 



susy 



initially computed for unbroken susy, and then extended to depend on susy-breaking spu- 
rions. We compute ( |6.13|) to 0(g 2 ), using 

M 2 

g 2 C susy = g 2 CZ% + g 2 CZ% = + 9 2 CZ 9 S y(p 2 ) (6-14) 
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with the first term CO(g°) and the second 0(g 2 ). The propagator then has 0(g ) and 
0(g 2 ) terms: 



A ^ 



*susy 



(P 2 



P 



p 2 + M- 



v 



AB 



+ 



P 



p 2 + M 



v 



P 



p 2 + M- 



v 



AB 



+0(g 4 ). (6.15) 



6.3. hidden sector contributions to visible sector wavefunction Zq 



The above expressions motivate considering the hidden sector contribution to the 
wavefunction Zq factor, which can be computed from the diagrams of fig. 1, computed 
with non-zero external momentum k, taking d/dk 2 before setting k — >■ 0. In the limit of 
unbroken susy, this gives 



z Q d i - vET r x / |^^4G> 2 )- 



(6.16) 



To leading order in the small susy- breaking limit, this relation is preserved as a relation 
in superspace, with both sides picking up 9 2 and 9 2 components. Comparing ( 3.16 ) with 
( p. 14]) and (|2.15| ), and using ( |6.4|) and fl6.11|) and ( |6.12|) , we then have in the small susy- 
breaking limit: 



A Q = Z Q \ e2 +0(F\F\ 



in 



q - ~ z Q\e 2 e 2 + C(l-^| 4 )- 



(6.17) 



With these relations, we recover the expected relations from spurion methods. 

Consider first the one-loop 0(g 2 ) contribution to the Z- factor ( |6.16| ), which is obtained 
by using the first term in (|6.15|) . Doing the d^p integral using 



d 4 p 



1 



(27r) 4 p 2 (p 2 + m 2 ) 
where A is the UV momentum cutoff, this term is 



1 , A 2 
constant + „ In 



167T 2 m 2 



(6.18) 



,(i) _ AcQff 



8tt^ 



2 m^ 

A 2 ' 



(6.19) 



where for simplicity we take (My) AB = 5 A B My. As a check, note that this same result 
can be obtained from the one-loop effective Kahler potential [[19 



K 



(i) 

eff 



32tt 2 



li MtM c ln(^)-21 i Mjln(^| 



(6.20) 
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associated with integrating out massive chiral and vector superfields, respectively. Since 
visible sector expectation values also contribute to the vector multiplet mass, we take 
My — > g 2 {Q, Q) + M Vhid and, expanding around Q = 0, 



A'B' \ 



(6.21; 



where in the last line we took the broken contributions to satisfy ($, <&) A B = ($, <&)5 A B 
This indeed agrees with the expression (|6.19D . 



We can likewise consider ( |6.16| ) to two-loops, 0(g 4 ), by using the second term in 
( |6.15|) . Separating out the contributions from the massless G generators, and the broken 
G' /G generators, respectively, this gives (with C2(tq) = cq and C2(Vq) — C2(tq) = Acq) 

6.4- One loop a-terms and sfermion masses, in the small susy-breaking limit 

Let's consider first the one-loop contribution to Aq and m^, which are obtained from 
( |6TT7| ) and ( |67T9| ) . Using (M^) AB = g 2 (^,^) AB and the expansion (§7^, we obtain the 
one loop A-term: 

.(l) g 2 Ac Q 2 1 9 2 A , (0o, f ) (R 

A Q > = ^-^lnM v \ e2 = — 2 Ac Q m x where m x = (6.23) 



Similarly, the one-loop contribution to trq obtained from (|6.17|) and (|6.19| ) is 



A'B' 



{mQ) -~^^ B T ^[ WWM) 1 +oilF 

g 2 , f$,<t>)(F,F)-$,F){F 



(6.24) 



where in the second line, we simplified by taking the inner products of the expectation 
values appearing in ( |6.24| ) to all be proportional to 5 A B . The one-loop gauge messenger 
contribution to the sfermion mass-squared is tachyonic, as is manifest from ( |S.24 ). 
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The result (|2.38| ), in the special case when (<j>,F) = 0, reduces to the small susy- 



breaking limit of the B 1 / 2 = result ( |5.5| ). Writing tuq = my+drriQ and m\ = my+Smf 



taking b~m^ <C m v and 5m\, 2 <C m v . In this limit, (|5.5|) reduces to 



K)W^^(5m 2 -4^ /2 ). (6.25) 



Using the relation ( |3.22| ), the result ( p.25| ) indeed agrees with ( |6.24j ) with B 1 ^ 2 = 0. 



As we have shown, the result (|6.19| ) can also be obtained directly from the 1-loop 
effective Kahler potential (]6.21|) , so the result (|6.24|) for the one- loop tuq at C(|F| 2 ) can 
be viewed as a direct consequence of the one-loop Kahler potential. We see that the 
common view that there are not one- loop contributions to uiq applies to the M\M C term 
in fl6.2(Jp , but generally not to the M v term. In the appendix, we will verify more generally, 
to arbitrary order in \F\ 2 , that our results about the one-loop contributions to uiq can 
equivalently be re-derived directly from the one-loop Coleman- Weinberg effective potential. 

6.5. One loop sfermion masses are suppressed for large goldstino pseudomodulus vev 

The numerator in (|2.38| ) has an interesting property: it is constant along the goldstino 
pseudomodulus flat direction. As proved in |3(],[)6|, all models of tree-level spontaneous 



F-term supersymmetry breaking (with canonical Kahler potential) have a classical pseu- 
domodulus - that of the goldstino - which can be parameterized as 

fi = $+xFt, (6.26) 

where x is an arbitrary complex parameter, associated with the expectation value of the 
superpartner of the goldstino, and $ = (fa) is chosen as a zero of the D-term for any gauge 
interactions, with F® = (F^). It was shown in |3(J that the classical D and F terms are 



independent of the parameter x, in particular F? = F®, i.e. constant along the goldstino 
pseudomodulus. In terms of the quantities appearing in ( |6.24|) , we therefore have 



(4> x , <P X ) AB = (0°, (P°) AB + x(4P, F°) AB + x*(F°, <P°) AB + \x\ 2 (F°, F°) 

(F\ <P X ) AB = (F°, <P°) AB + x(.F°, F°) AB (6 ' 27) 

from which it immediately follows that the numerator in ( |6.24j ) is constant along the 
goldstino pseudomodulus 

(((t> x ,<t> x )(F x ,F x ) - $ x ,F x )(F*,r)) AB = ((0°A°)(F O iF o ) - (^°,F o )(F o ,0 o )) AS . 

(6.28) 
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If the goldstino pseudomodulus has a large expectation value, and if (F°, F°) ^ 0, then 
the gauge group is (perhaps partially) Higgsed at some correspondingly large mass scale 
M. This scale can happen to be parameterically much larger than the typical mass scale \i 
of the superpotential. This is what happens in the inverted hierarchy model Q , where the 
dynamically generated GUT scale is much larger than the mass scale in the superpotential, 
and the large expectation values there are indeed along the goldstino pseudomodulus. It 
follows from ( |6.28[ ) that the numerator in ( |6.24| ) does not scale with that large scale M, 
but is instead (9(|/x 6 |). In such cases, the one-loop contribution ( |2.38|) to sfermion masses 
is parameterically of the form 

(m 2 )W~ 9 \}^ A . (6.29) 
v Q! 16tt 2 |M| 4 v ! 

This has a \fj,/M\ 2 <C 1 parameter ic suppression as compared with the two-loop contribu- 
tions, 

K)' 2, -(^) 2 S- (M0) 

So, if \n/M\ 2 <C (/ 2 /167r 2 , the one-loop contribution to sfermion tuq could be negligible 
compared with the two-loop contributions! This was briefly noted already long ago in a 
comment appearing in W\ in the context of the inverted hierarchy type models, but no 
explanation was given there (it was stated without calculation that a certain diagram 
would be C( / u 6 /M 4 ), but other diagrams, which could have contributed at C(/U 4 /M 2 ), 
were not considered). Here we have explained it as coming from the particular general 
property of the goldstino pseudomodulus. 

There can be pseudomoduli other than the goldstino (see e.g. p5fl), and the cancella- 
tion in ( |6.28|) and above noted suppression of the one-loop rriq would not occur for large 
expectation values of those pseudomoduli. 

6.6. One-loop gaugino masses and two-loop mq contributions 

Consider the one-loop gaugino masses for the superpartners of the massless gauge 
fields, and the two-loop sfermion m^, to leading order in a small susy- breaking expansion. 
We have seen that these soft terms are given by 

™™ b u r gino « -g 2 C unbr (0)\e>i K>) (2) « -Z^\^ (6.31) 

.(2) • 



where Zq is given in (|6.22| ). In both expressions, C susy {p 2 ) is promoted to superspace, 



via replacing my — > M v , as given in ( |6.7| ). We'll now show how the quantities ( |6.31| ) 
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can be evaluated in terms of the coefficient c of ( |3.4|) which enters into the leading UV 
singularity of the J J OPE fl2.42p , in close analogy with how it worked in the non-gauge 
messenger case discussed in [T7| , |I5| |. This will allow us to similarly connect, now for theories 
with gauge messengers, with the expressions obtained in using analytic continuation 
in superspace. 

The relevant functions in ( |6.31|) and ( |6.22 ) are of the general form 
where f(y) is a non-singular function, which is regular at y = and satisfies 



c 

y^-oo J xc " IQty 



limf(y)^-^\ny, (6.33) 



so the My dependence drops out for large p 2 . To give a concrete example, the unbroken 
gauge group has both matter and gauge contributions, C unbr (p 2 ) = c unhr,rnatter (p 2 ) + 
Qunbr, gauge (j, 2 ^ w h ere th e gauge contribution is given by ( f4.6| ) with m v — > M v as (|6.7| ), 



~ f d 4 k 1 

punbr, gauge ( 2\ _ gauge / " (c oa\ 

[P } J (2tt)4 (fca + M 2 )((p + k) 2 + M 2 ) ' [ *- 6V 

which is of the form fl6.32|) with c = c gauge given in (|4.4[) . Our point here will be that 
the quantities ( |6.31| ) can be evaluated knowing only the coefficients c in ( |6.32| ) and ( |6.33| ) , 
without needing to know the detailed expressions like ( |6.34|) . 

Using the superspace expansion of M v , see and ( |6.8|) , it follows from ( |6.32|) that 

C\e*{y) = -(^+y^-f{y))m x 

V16tt 2 dy ) ^ 6 35 ^ 

d \o^(v) = -{^+vf y )(\sm 2 -m x m x ) + y ±(y±f) mx m x . 

The quantity \6m^—m x fn x = ((F, F)((p, (f>) — (F, 4>)(4>, F))/((f), (f)) 2 is the same combination 
appearing in the one-loop uiq in ( |6.24| ), whose numerator is constant along the goldsino 
pseudomodulus direction. 

The one-loop gaugino masses for the superpartners of the unbroken gauge fields are 
thus given, to leading order in small susy-breaking by ( |6.31| ) and ( |6.35| ) to be 

rriAno « -9 2 C unbr W{y = 0) = ^- 2 c unhr m x . (6.36) 
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As we have already discussed, this one-loop 0(F) term is generally non-zero, unlike theories 
without gauge messengers where the gaugino masses are suppressed ]28| . The gaugino mass 
( |6.36| ) and the a-term Aq in ( |6.23| ) are both given by a loop factor times m x , and differ 



only in the group theory factor Acq vs c unbr . The more general difference appears in 
vs (|5.9| ), but the 1/p 2 vs (p 2 + my) -1 propagator in the loop there has no effect in the 
0(F) contribution here (as seen from (|6.35|) , since y = is determined from c, which itself 
can be determined from y — > oo, where rrty is insignificant). 

Let's now use the second line of (|6.35|) to evaluate the two- loop contribution to tuq 
in (pi]), using (pi), 

2 



(mj) (2) 




unbr 



d 2 S 2(y) + Ac Q 



y + 1 



^jreg ,brok 



(y) 



(6.37) 

The C unbr integral is easily computed upon using ( |6.35| ) and ( |6.33| ). The C re9,brok integral 
is similar, upon replacing C — > ' 



C on both sides of ( |6.35| ), i.e. 



y + 1 



^jreg ,brok 



J)rok 



+ m x m x y— 



d 

dy 



,,brok 



dy lbn z 



y + 1 



(6.38) 



where / 



(jy. 



/ and the last term comes from ( 
So the integrals in (|6.37| ) are all of total derivatives, and yield 

.2 n 2 r 



+ {6 2 ^ 9< 



K>) (2) 



V 16tt 2 



( C Q ( 



ibr 



Ac Q c brok ) m x m x - (IR) ■ {-8ml ~ ™x m x) 



(6.39) 



(the sign flip of the c brok term relative to the c unbr term is thanks to the extra contribution 
from the last term in ( |6.38|) ). Here (IR) is given by contributions coming from the IR region 
of the integral involving the term proportional to ^5rriQ — m x m x in fl6.35|) , 

(IR) « (c Q c unbr + Ac Q c brok ) \ny m + 16n 2 c Q f unbr (y = 0). (6.40) 

The apparent IR divergence for ym — > includes the renormalization of the one-loop 
iuq, see also (A. 31), and again ^SttIq — m x m x — > far along the goldstino pseudomodulus 
direction. The coefficient of the m x m x term in (|6.39| ) , upon using the relations c brok - 



V 



and & 



b-b' 



^matter 



3T(G')+3T(G), is c Q c unbr - Ac Q c brok = c Q b + c' Q b' - 2c Q b' . 
This result connects with that obtained by the method of f34 ], which is reviewed and 
extended in appendix A. 
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7. Gauge messenger examples 

7.1. A simple class of F-term breaking models 

In this section, we will illustrate our general results for a simple class of models. Sup- 
pose that the susy- breaking hidden sector has a symmetry group G' , with chiral superfields 
X, fa, and 02, in the singlet, ri, and r2 representations of G' , respectively. We take the 
reps ri, and r2 to be real, with ri (g> ri D 1 and ri <g) T2 D 1. To break susy, we take an 
O'Raifeartaigh-type tree-level superpotential 

W = \hXfa ■ fa + mfa • fa + fX, (7.1) 

where fa ■ fa denotes the G' singlet. The G' symmetry group can be weakly gauged, and 
used to mediate susy- breaking to a visible sector. 

Such examples have been much studied in the old and recent literature. For example 
we could take G = SU (N) and ri and r 2 to be adjoints, with the SU (5) case similar to the 
inverted hierarchy model of ||, and the SU(2) case was considered in toy models for the 
inverted hierarchy model in |f25,|28,29l. The general class of models (|7.1|) was considered 



recently |^6j as toy models for spontaneous R-symmetry violation: the theory has a U(1)r 
symmetry with R(X) = R(fa) = 2, and R((f>i) = 0, which is spontaneously broken by the 
goldstino pseudomodulus (X) ^ if r\ = g 2 /h 2 is sufficiently large 

The G' symmetry is either unbroken, if y = \hf /m 2 \ satisfies y < 1, or is broken to 
a subgroup, G' — > G, if y > 1. Upon gauging G' , the theory with y < 1 does not have 
gauge messengers, while the theory with y > 1 does. So we'll here be interested in the 
case y > 1, and we'll take m and / to be real, and set h = 1. The vacua have (X) = Xq 
arbitrary at tree level and 



X t 



).(fa) = -v\ (fa) = -^(fa) j v = ^ 2 {f-m 



2^ 
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(7.2) 



■(F <h ) = m(<f> 1 ), -{F x )=m\ (F 4>1 )=0 



The expectation value of the pseudomodulus X in the quantum theory depends on the 
value of r\ = g 2 /h 2 . If r\ is sufficiently small, then Xq = 0, and if rj is sufficiently large 
then Xq is non-zero, and determined in terms of 77. So we'll consider both the Xq = 
and Xq ^ cases, where the R-symmetry is either unbroken, or spontaneously broken by 
Xq ^ 0, respectively. In either case, (fa) 7^ breaks the G' symmetry to some subgroup, 
G, and (F^) 7^ means that there are gauge messengers. 
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Since these examples are weakly coupled, it's straighforward to compute the G' cur- 
rents J and their correlators. In particular, the short distance OPE ( |2.42[ ) has 

2 

Cmatter = ^T 2 (>i). (7.3) 

i=l 

Let's now comment on gaugino masses, considering the case where ri = T2- In the theory 
without gauge messengers, taking y < 1, the one-loop G' gauginos remain massless to 



O(F) (even if the R-symmetry is spontaneously broken by X ^ 0), as in (|2.48|) , because 



lndet I I is independent of X. But in our y > 1 case the gaugino partners of 



m 

the unbroken G gauge fields do get a one- loop mass at O(F), given by ( |2.49| ) 



m 



gaugino r 



(T(C)-T(G))^-T7, (7.4) 



where we take T(r±) = T(r 2 ) = T(G') — T(G), as in the example of |29|1 . This small-susy- 
breaking result is a good approximation when Xq is large. 

In the following two subsections, we'll focus on the case G' = SO(N), with the two 
matter fields in the representations ri = r2 = N. For y > 1, the expectation values ( |7.2j ) 
break SO(N) — > SO(N — 1). We'll first discuss in detail the case iV = 2, where the group 
is completely broken. Next, we'll discuss N > 2, where there are massless SO(N — 1) 
gauge fields. 

7.2. The example with G' = SO(2) = U(l), a massive gauge field 

In this section, we consider the simplest model of spontaneous susy and gauge sym- 
metry breaking. We could equivalently write the hidden sector theory in this case in a 
£7(1) notation as 

W = fX + + m0i + 2 _ + TO02+01-, (7.5) 

where the ± subscripts are the U(l) charges, and X is neutral. There is a messenger 
parity symmetry, <p i+ <r> (this symmetry is ensured by Tr T = in SO(2)), so no (J) 
is generated at one-loop. To facilitate our later generalization to SO(N), we'll stick with 
the SO{2) notation, with superpotential ( |7.1|) , with fields 0^ and 2 , with SO{2) index 
a = 1, 2, and SO(2) generator T = ^ ^ ^ J . The vacua can be taken to be (X) = Xq 
(the classically undetermined goldstino pseudomodulus) and as in (|7.2|), with in particular 

(<«=(;*)> <«=-f>>, -&*.)= (T), (^) 
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which are such that the SO (2) D-term vanishes, which minimizes the energy. 

Since (<pi) 7^ 0, the SO (2) is broken, and since (F<f, 2 ) 7^ 0, there are gauge messengers. 
The breaking order-parameters are 



5o,0o) = v 2 \ 1 + 



Xn 



in 



(F , F ) = m V, (0, Fq) = -X v 2 . (7.7) 



Once we gauge SO(2), the mass of the SO (2) = U(l) gauge field is 

m 2 v =g\^4>)=9 2 v 2 (l+ V " 1 



m 



(7.1 



The tree-level undetermined expectation value (X) = Xq is associated with the goldstino 
pseudomodulus and, as we have noted on general grounds, X indeed cancels in 

(0 o ,0o)(i^o) - (^0,^0)^0,^0) = v 4 m 2 . (7.9) 

It's straightforward to work out the spectrum of the theory in components, using 
Wess-Zumino gauge. We'll discuss this spectrum first, before getting into the description 
in terms of current-correlators. We consider arbitrary values of my/m, even with (7 1, 
by taking sufficiently large v, via taking / sufficiently large. 

The expectation value of the pseudomodulus X = (X) in the quantum theory depends 



on the value of 77 = g /h p5|j4q1 , where g is the gauge coupling and h in the Yukawa 
coupling of the cubic term in ( [7.5|) (which we set to 1 here): if rj is small, (X) = 0, and 
for larger 77 we can have (X) 7^ 0. For (X) = 0, the U(1)r symmetry of ( [7.1|) is unbroken, 
whereas for (X) 7^ it is spontaneously broken. We'll now first consider the (X) = case, 
and next the (X) 7^ case. 

This hidden sector theory has 5 chiral superfields, including the NG chiral superfield 
IT, which is eaten by the vector multiplet. The unbroken U(1)r symmetry for (X) = 
implies that one chiral superfield plays the role of the field \1/ in ( |3.23| ). Using ( |3. 29|) and 
and comparing ( |3.23|) with ([7.1|) , we identify IT and \& as the fluctuation of the second 



component of <pi and 4>2 respectively, 

n = <ri 2) # = </4 2) , with Sm 1/2 =m (7.10) 

(where the superscripts indicate the second component under SO (2)). In particular, Im(IT) 
is the (eaten) massless NG boson and Re (IT), gives the real scalar with m,Q = my + 2m 2 . 
The complex scalar component of \& has complex mass-squared equal to 8m\, 2 = m 2 . The 
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fermion components i/v and tpy and the gaugino A all mix, as in ( |3.39| ), and the mass 

rriy 4 <)))>- ,,,, and one 



eigenstates are as in (|3.40| ): there are two gauginos, with mass 



+ 5m( /2 , 



massless fermion. (This massless fermion, together with the massless goldstino, contribute 
to saturate the 't Hooft anomaly Tr U{1)r = 2 of the theory with gauged SO(2); without 
gauging SO(2), the 't Hooft anomaly is Tr U(1)r = 1 and the only massless fermion is the 
goldstino.) In summary, the spectrum of the massive vector multiplet is given by 



field 




Re(II) 




mass 2 


m v = 2g 2 (f - m 2 ) 


tuq = m v + 2m? 


m 2 = m 2 = rriy + m 2 



where contains the NG boson 
multiplet thus has (at tree-level) 



(7.11) 

Im(n) as the longitudinal component. The vector 



StrM 2 \ 



vectormultiplet 



-2m' 



(7.12) 



Of course the full theory has StrM 2 = 0, and indeed the complex scalar = (p^\ has 
mass-squared m 2 , and thus contributes StrM^, = 2m 2 , and so zeros out the contribution 
( [7.12|) of the vector multiplet. If we consider the theory in the limit my ^> m, the massive 
vector can be integrated out to obtain a low energy theory satisfying (|3.50|) . 

The spectrum of the remaining three chiral superfield degrees of freedom of the hidden 
sector have net StrM 2 = and are less interesting for our considerations here, but we 
nevertheless record them for completness: 



field 




m^g 1 ' -\-ivX 








mass 2 


0s 


(V-m 2 ) s 


(2/-m 2 ) F 


(V)b 


(2f-2m 2 ) B 



(7.13) 

where O5 and (2f — m 2 )s refer to a supersymmetric masses for the complete supermultiplet, 



and (2/ 



m 



)f is the mass of the fermion component, and (2/)s and (2f — 2m 2 )s are 



the masses of the real scalars Ke(4>^) and Im(^> < j 1 ' ) ) respectively. The (0)5 multiplet is the 
goldstino and pseudomodulus supermultiplet. The other fields in ( [7.13| ) are very heavy, 
with masses much bigger than all other fields in the spectrum; they have masses ~ g~ 2 m 2 
if we take / ~ m 2 (l + g~ 2 ) (to get my ~ rn) in the g 1 limit. 



53 



Let's now re-derive the tree-level spectrum found above in terms of our general, 
current-algebra based analysis. To do so, we consider the contributions of the current 
one-point functions to C^ ole . We again first consider the case where (X) = 0, where there 
is an unbroken U(1)r symmetry and consequently B1/2 = 0. Using 

J D VlvRei^), j D -iv^\ jf, D V2vlm(^ } ) (7.14) 

we can directly compute the associated pole contributions, which are given by the general 
expressions ( |3.30| ). The result is 



ipole m V 2/^pole m V 2p : ipole m V 

"0 — 9 ; n 95 9 ^1/2 — 9 '. 9? 9 W — o - • 

p z + 2m ' p + m p 



up to 0(g 2 ) loop corrections. In short, there are simple poles, at p 2 = dm 2 , with Smf^ 2 = 
^5mQ = m 2 . (In particular, and as is always the case, Ci/ 2 does not have a pole at p 2 = 0, 
despite the presence of the massless fermion in ( |3.40|) . ) Using ( |7.15| ) we immediately obtain 
the (Landau gauge, Minkowski space) gauge field propagators 

i(DD)= 2 p2 - 2m l 2 +0(g% 
p l — my — 2m 2 

*<A a A Q > = /'f 2 ( P -4) + 0(g 2 ), (7.16) 
p z — m v — m z \ p J 

ifynV*) = 2 1 2 (<r - ^f) + 0(g 2 ), 
p z — mtr \ v / 



with the pole locations as expected based on our earlier discussion ( |7.11| ) of the gauge 
multiplet spectrum. 

We consider coupling the above theory to a visible sector, with SO(2) charged matter, 
Q. For simplicity, consider the case of a single SO (2) doublet Q, with tree- level superpo- 
tential0 W v i s = fiQQ, where /i is a supersymmetric mass term. Because of the unbroken 
U(l)n symmetry, there is no induced Aq term, i.e. no off-diagonal mass term for the 
scalars Q. The one- loop soft mass-squared for the Q scalars is given by the expression 
( |OD , which here gives 

2 (i) _ g 2 , / m 2 c m v \ _ g 2 2 / (m 2 v + m 2 ) 4 \ 
m Q -32n 2my[n { ml )~ 32n 2 ™ v ^ W v {m 2 v + 2m 2 ) ) ' 



21 We assume that \/j,\ <C \m\, to justify using the massless 1/p 2 propagator in the loop integral 
for w?q and Aq, though it's straightforward to generalize the expressions to include the Q masses. 
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which is always negative, tachyonic; as a function of x = m 2 /fiy, which characterizes 
the relative susy-breaking of the gauge messengers, 07.171) starts at zero for x = (the 
unbroken susy limit), and decreases with x. For small susy breaking, m 2 /my <C 1, (|7.17|) 
can be approximated as in (|6.25|) , 

K»m). (7.18) 



in 



2 (1) 



9 



^(Sm 2 . — 45m? /9 ) = 

Q 32tv 2K 1/27 16tv 2 



9 2 
m 



In the large susy-breaking limit, m 2 /my ^> 1, ( |7.17| ) becomes 



m 



2J1) 

Q 



- m 2 7 In 
32tt 2 v 



m 

2m v 



9 2 .2 



32tp 



^2(/-m 2 )ln 



m 



16# 6 (/ -m 2 ) 3 



In particular, taking g <C 1, we obtain m~ ^~ 



(my m.) 
(7.19) 

,2 ~ -3(fir 2 /327r 2 )m 2 / ln5(- 2 . (The result in this 
limit was emphasized in the recent, independent work ||41|| ). 

Let's now reconsider all of the above in the theory with (X) ^ (which, as mentioned 
above, is realized if g 2 /h 2 is sufficiently large). This has the interesting new effect of 
spontaneously breaking the U(1)r symmetry, and indeed we find that it leads to B^!^ ^ 0. 
We redo our calculations with 

(X) = X , 



i) = - 



Xn 



/ IV 



m 







(7.20) 



where we still define v = y/2(f -m 2 ). The mass of the SO (2) gauge field is then given by 



my 



g A <h{T,T}<t> Q =g 2 v 2 ( 1 + 



Xn 
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The NG chiral superfield IT is read off from Q3.29|) and the vevs (| 
analog of the field \1/ in ( |7.1U| ), generalized now to X ^ 0: 



(7.21) 

and there is also an 



n 



•S 2 ) 



X< 



m 



U2) 



+ 



0.(2) 



m 



(7.22) 



Taking Xq to be real for simplicity, we find upon using the general expressions (|3.30| ) 



aftpote = 9 2 v 2 [(p 2 +m 2 ) + ^(p 2 + X 2 +4m 2 )} 
9 (p 2 + m 2 )(p 2 + 2m 2 ) + X 2 p 2 

po ie _ 9 2 v 2 [(p 2 + m 2 ) + §(p 2 + X 2 + 3m 2 )} 



9 °l/2 

9 u i 



(p 2 + m 2 ) 2 + XqP 2 



(7.23) 



m 



V 



V 



2^ P oie = g 2 v 2 X (p 2 + X 2 + 2m 2 ) 
9 (p 2 + m 2 ) 2 + X 2 p 2 
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Note that CQ° le and C^" 1 ^ are not of the simple, single-pole form ( |3.20| ), but each can 
be written as a sum of two simple pole terms. The poles of (]7.23j ) are at p 2 = —m 2 tate , 
where m sta te is the mass eigenvalue of the appropriate state in the O'Raifeartaigh model 



with Xq 7^ (and / > m 2 ). For example, the poles of both Cw 2 e and Bj 1 ! 6 in ( |7.23| ) 



are at the masses of the fermionic components of (\>\ and ^2, given by m 2 ^ 2 = ^(\Xq\ 2 ± 
a/|Xq I + 4|m| 2 ) 2 . It is also easily verified that these satisfy (|3.26| ) in the large p 2 limit, 
with susy-breaking parameters given by ( |3.34j) , which we have already evaluated in ( ]7.7|) . 

It is, in principle, straightforward to use the above expressions in our general formulae, 
to compute the sfermion masses and the Aq term. But the required momentum integrals 
are complicated to evaluate, even with a computer, and the resulting expressions would 
not be very illuminating in any case. So we will just consider the results in the limit where 
Xq ^> m ~ gv. In this limit, the supersymmetric contribution to the vector multiplet 
mass is much larger than the susy-breaking mass splittings, so the spectrum is approxi- 
mately supersymmetric. Indeed, in this limit, ( |7.23| ) gives low-momentum (p 2 <C m 2 ) pole 
behavior which is approximately supersymmetric, with Cg ' 6 ~ Cy l 2 e ~ (7f ' 6 ^> By 2 e '■ 

2 22 

ZlT^pole ^ m V ^pole ^ m V f^pole ^ 171 f^pole /y 9 ,.\ 

9U ° ~p 2 + (2myx 2 )' °V2 ~jfi + ( m */X*y V 2 ~ JT 1/2 ' 1 J 

Since the theory is approximately supersymmetric in this limit, we can use the small- 
susy breaking approximations of section 6. The one- loop contribution to the visible sector 
sfermion ulq is approximately given by ( |2.38| ), 

2,(i). 9 2 ((4>,<j>)(F,F)-(^F)(F, 



m 



T V 6 ' P.25) 

g m 



32tt 2 |X | 4 ' 

The one- loop A-term is given by ( |6.23| ), which gives 

16tt 



g 2 x 
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2 



A - ~ 1 W J ~ y 01 1 (7 26) 

Q ic„2 (J. j.\ 1«~2 I v 12 K'-^J 



The two-loop voq in this limit is given by the approximation of (]6.39|) (neglecting the term 



\b~ml -m x m x -» 0, c unbr = (SO (2) is completely broken), Acq = |, and c brok = —b' = 



2 

Y2r=i T 2 (0 r ) = 2) to be again tachyonic and given by 



^ <2 '-- 2 (i&) 2 ^- 2 (if^)'S- (7 ' 27) 
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Vl67T 2 y 


' l^ol 2 



This and (|7.25| ) illustrate the general point that, for sufficiently large goldstino pseudo- 
modulus Xq, the one-loop (toq)*- 1 -' can be insignificant compared with (toq)^. 
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7.3. The SO(N) —> SO(N — 1) gauge messenger models 

We again consider the model ( f?M| ), now taking <fii and (p2 in the N dimensional 
representation of an SO(N) gauge symmetry. For y > 1 the vacua are given by (|7.2|) , with 




(7.28) 



where we take D A = to minimize the energy. This is compatible with ( |2.2| ) since 
FT A T = 0; again, this is general for O'R models. The G' = SO(N) symmetry is broken 
to G = SO(N — 1) by (</>i) 7^ 0, and (F^ 2 ) 7^ implies that there are gauge messengers: 
the broken SO(N)/ SO(N — 1) gauge fields have a susy-split spectrum. The unbroken 
SO(N — 1) gauge multiplets are massless at tree-level. The SO(N — 1) gauginos get a 
one-loop mass in the theory with (X) = Xq 7^ 0. When we couple this hidden sector 
to a visible sector, say a chiral superfield Q in the N of SO(N), we'll obtain sfermion 
contributions coming from both the unbroken SO(N — 1) gauge fields, and also the broken 
gauge fields. We'll initially consider the X Q = case, and next X 7^ 0. 

We choose a basis in which the first N — 1 generators are broken, (T A )& c = 
(i/\/2)(5b,id~A'+i,c — 5 C! i5A'+i,b), for A' = 1...N — 1. The gauge boson mass matrix 
is then 

{ml) AB = fgW B ifA<N-l {7 29) 

{ otherwise 

Briefly, the tree-level mass spectrum of the other states are as follows. There are three 
superfield's worth of degrees of freedom which are exactly as in ( [7.13| ), one being the 
massless goldstino and pseudomodulus superfield. The other fields are associated with the 
broken generators, and give a spectrum which is N — 1 copies of that discussed in the 
SO {2) case, with N - 1 fields, A' = 1 ... TV - 1, 

U A '=(P{ A ' +1) qi A '=4 A '+ 1 \ with 5m 1/2 = m, (7.30) 

which are the NG supermultiplets, and the ^ A supermultiplets which couple to them as in 
( |3.23|) . The real scalar partners of the broken SO(N)/ SO(N — 1) gauge fields come from 
the N — 1 scalars o~ A = KeU A , with vr? c = my+2m 2 . The gaugino partners of the massive 
SO(N)/ SO(N — 1) gauge fields have m\ — rriy + m 2 , and come from N — 1 copies of the 
spectrum ( |3.40| ). (This also gives N—l massless fermions which are related to the unbroken 
U(1)r symmetry of the theory with (X) = 0: together with the goldstino and the massless 
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SO(N - 1) gauginos, saturate the 't Hooft anomaly Tr U(1) R = Tr U(l)% = \SO(N)\ + 1 
of the theory with SO(N) gauged.) 

Now consider our current-algebra based approach, using the J components 

J A ' D >/2vRe(#' +1) ), j A ' D -iv4 A ' +1 \ j A ' D v^d M Im(^' +1) ), (7.31) 

from which one can calculate the following tree- level current correlation functions: 

(jAB P oie = f CP° le 5 AB A < N - 1 ^ 32 ) 

a \ otherwise, 

where C^ ole are the same as in the 50(2) case above: 



9 



2/ 



n pole _ m V ^r^Vole _ m V „2y~<P° le _ m V (7 qq\ 

°0 ~~ o i o 2' " °l/2 ~~ "2" i 2' » °1 ~~ — 2~ - l'- M J 

p z + 2m 1 p +m p 



From ( |7.32| ), one immediately obtains the broken gauge field propagators, 

p l — my — 2m 2 

i{KK) A ' B ' = /~f 2 ^S A ' B ' + 0{g% (7.34) 
p z — rriy — vn A p 2 

i(V»V») A ' B ' = i J -t-(^ " P ^4-Y' B ' + 0{g% 
p 2 — m v V p z / 

where A', S' < N — 1 run over the broken generators. The poles of these propagators 
agree with the spectrum described in the previous paragraph. 

Now consider the susy-breaking effects for visible sector matter, considering the case 
of a field Q in the fundamental of SO(N). For (X) = 0, the unbroken U(1)r symmetry 
ensures that the gauginos of the unbroken SO(N — 1) gauge group remain massless. Also, 
for (X) = 0, this is in the class of models with single-poles, where we can simply apply 
( |5.5|) to give the one-loop contribution to the sfermion soft-breaking mass 



a 2 

(m Q ) (1) = ^—^AcQiriy [ln(m v + 2m 2 ) - 4 \n(m v + m 2 ) + 3 ln(m^)] , (7.35) 



which is tachyonic. The fundamental of SO(N) has C2(N) = ^(N — 1). When we break 
SO(N) -> SO(N-l), Q decomposes as N -> (N - 1) + 1, with c 2 (N- 1) = J(iV — 2) and 
C2(l) = 0, so Acq = o) ^(N — 1) for the SO(N-i) fundamental and singlet, respectively. 
(The sum on broken generators is T A T A = |diag(A" — 1, 1, 1, . . .).) 
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The two- loop contributions to the sfermion m 2 q can be computed from (|5.6|) , using 
expressions for C^ e9 (p 2 ); the expressions are similar to those in the appendix of [0. In the 
small susy-breaking limit rriy 3> m 2 , this result can be approximated as in ( |6.39| ), with 
m x = for Xq = thanks to the unbroken U(1)r symmetry. 

Let's now consider the theory when (X) = Xq ^ in ( |7.28|) , which spontaneously 
breaks the U(1)r symmetry, yielding B\/2 7^ 0. The broken generators have -B^f p ° le = 
By^(p 2 )8 A B , with By l ^(p 2 ) given by the same expression as in (|7.23| ) for the SO (2) 



case. Likewise, C A B pole = C pole S A B , with C^ ole given by same expressions ( |7.23j ). As 
in the SO (2) case, one could in principle (numerically) evaluate the p integral to compute 
the visible sector sfermion rriQ and Aq, but here we will again simply comment about 
the limit where the pseudomodulus vev Xq is very large, \Xq\ 3> |m|. In this case the 
SO{N) / SO{N — 1) gauge fields are ultra-massive, with relatively small mass splittings. 
The gaugino masses in this limit are given approximately by (|7.4|) to be 

so(N-i) „ 9 2 &F) _ g 2 X \m\ 2 

gau gl no ~ ^2 (J, (h) ~16tT 2 IXnl 2 ' 1 ' ' 



The one-loop A-term is given approximately by ( |6.23|) to be 



Aq « — j Acq - w -— ^jAcq . (7.37) 

8tt 2 w (6,6) 8tt 2 " 
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The one-loop m 2 q is approximately given by ( |6.24|) to be (as in (|7.25|) ) 



K)' 1 ' » -if^Ac^. (7.38) 



The two-loop m 2 Q is given by flCTp (with c un6r = b-b' = -1, c brofc = -6' = 2-3(JV-2)): 

K) (2) ^ 2 (lf^) (-c 2 (r Q ) + (3iV-8)A CQ )Ml, (7.39) 

which is non-tachyonic for large enough AT. For rg = N then C2(?~q) = ^(iV — 1) and 
Acq = |, |(iV — 1) for the SO(N — 1) fundamental and singlet, respectively. 

7-4- Example: the Fayet Iliopoulos model 

We now consider a U(l) gauge theory with hidden sector matter fields $± of charge ±1, 
and visible sector matter fields Q±, of charge ±1. The superpotential is W = Whid + W V i 8 , 
with Whid = m$+$_ and W v i s = MQ + Q-. Clearly, the separation of the fields into 
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hidden and visible sectors is artificial - they're just two flavors of a whole model - but 
we'll nevertheless consider first the hidden sector, and next its effect on the visible sector. 
We'll consider the model with g 2 £ > m? and M 2 > m 2 (where we take £, m, and M to 
be real and positive for simplicity). The condition g 2 £ > m 2 ensures that the U(l) gauge 
group is Higgsed, resulting in gauge messengers. The condition M 2 > m 2 ensures that it's 
a hidden sector $ field, and not a visible sector Q field, which gets an expectation value. 
The need to take M > m is a peculiarity of this example, making it contrary to the usual 
setup of heavy hidden sector and light visible sector fields. Also, because the gauge field 
D term is crucial for supersymmetry breaking, we can not reliably analyze this example 
by first setting the gauge coupling to zero. 
For g 2 {; > m 2 the vacuum has 

($+) = 0, ($_) = v; hence = -mv, (F*_) = 0, (7.40) 

where the EOM is satisfied for v given by 

g 2 V 2 = g 2 £ - m 2 = \ m \ (7.41) 

where we gauge rotate v to be real. The hidden sector contribution to the U(l) gauge 
current gj = ST/SV is J = $_|_$_|_ — + £. The D equation of motion implies that 

9 

TD 

(D) = -g(J) = -gi + gv 2 = -— , (7.42) 

9 

which satisfies the relation ( p.2|) , relating (D) to the F-terms. In discussing the 2-point 
functions, such as Co, we need to redefine with supercurrent to have vanishing expectation 
value, J' = J + (J). 

The U(l) gauge group is Higgsed and, since charged matter has a non-zero F-term 
in the vacuum (|7.40|) , there are gauge messengers. The J' current correlation functions 



can be computed using the ( |3.30|) , where now there is a D-term contribution in ( |3.31|) . As 
noted after ( |3.32| ), the D-term contribution is (7-independent, and this is seen explicitly 
from ( f7.42|) , T>Z = g 2 (J) = —m 2 . Using ( |3.30|) then yields for the hidden-sector correlator 
functions 

22 2 

2Pipole _ m y J2r<pole _ m V n 2^pole _ m V (7 A n\ 

9 - ^2~' 9 W - — 2", 9 ^1/2 - o Z rr.2' ^' A6 > 



where Co°^ e (p 2 )'s pole location is at p 2 = thanks to a cancellation between the non-zero 
F and D term contributions in (|3.31| ). It follows from the fact that there is an unbroken 
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tree-level U(1)r symmetry under which _R($_|_) = 2, = (it is anomalous, but 
preserved perturbatively) that 

B 1/2 = 0. (7.44) 
In particular, the susy-breaking parameters ( |3.26| ) are 

x 2 n x 2 (-^0,-Pb) 2 (^O,0o) n / 7y | C i 

dmg = 0, orrii/2 = 77 — 7-r = m , m x = — — — — = 0. (7.45J 



These do not satisfy the F-term specific relation (|3.22|) , because of the D-term contribution. 
Using (|7.43|) in ( |3.5|) etc. yields the vector multiplet propagators, with 

2 2 2 

A (p 2 ) = A 1 (p 2 ) = 2 P 2 , A 1/2 (p 2 ) = 2 P \ m (7.46) 
p l + rriy ' p l + rriy + m 2 

The poles give the vector multiplet spectrum (which of course can also be obtained by the 
standard analysis of the tree-level lagrangian in components, as in e.g. j53|): w? c = m v 
(because Sitiq = in ( |7.45| )) and the two gauginos are degenerate with each other (since 
m x = 0), with m\ = m| = m v + m 2 . The 0(g 2 v 2 ) contributions to the masses are 
supersymmetric, and the vector multiplet has StrM 2 = —4m 2 . (The remaining fields 
consists of the goldstino, the would-be NG boson, and a complex scalar with squared mass 
2m 2 , so the entire spectrum has StrM 2 = 0.) 

We now couple this hidden sector to the visible sector fields Q±. At tree-level, the 
fermion components of Q± have supersymmetric mass M, and the sfermions have mass- 
squareds M 2 ± m 2 , where the latter includes the tree- level sfermion susy-breaking mass 

(m 2 Q± )(°) = ±m 2 (7.47) 

coming from the D-term ( |7.42|) . So we need M 2 > m 2 if we want (Q±) = (this is just the 
statement that it's the lighter of the two U(l) flavors which gets the expectation values 
as in (|7.40| )). At one- loop, the visible sector sfermion masses are given by ( |2.4j ) and ( |2.7|) , 
appropriately modifying the 1/p 2 in (|2.7|) to account for the tree-level Q masses (which 
are here not negligible) in the internal propagators in Fig. 1: 

2 v(i)^ 2 [ J^f^f 1 4(p 2 + m 2 ) 1_ 



ran D q " J ' | 

' Q± J (27r) 4 \p 2 + rriy p 2 + M 2 ± m 2 p 2 + rriy + m 2 p 2 + M 2 p 2 + m y 

(7.48) 

Since we use Landau gauge, there is no contribution from diagram D4 in Fig. 1, only from 
diagram D5, so M doesn't enter in the last term. There is also a one- loop correction to 
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the tree-level result (|7.47|) , from the running of the FI D-term between the mass scales 
y/M 2 + m 2 and VM 2 - m 2 . 

We can consider this model for arbitrary values of the ratio rriy/m 2 G [0, oo]. In 
the limit where my is the largest mass scale in the problem, we can integrate out the 
massive vector. Since it has a nearly susy spectrum in this limit, there is an approximately 
supersymmetric low-energy effective theory, with F-term susy breaking. (In terms of the 
gauge invariant X = K iow « ^~ X XX - ^ _2 (II) 2 , W iow « ml.) In this limit, 

we can compare (|7.48|) with the result obtained from the 1-loop effective Kahler potential 

K {1) = ^TrMyM^f) D Z$lm 2 )(\Q+\ 2 + \Q-\% (7-49) 
where M 2 = 2# 2 (|$+| 2 + |$_| 2 + \Q+\ 2 + |Q_| 2 ) and 

Z Q± = l + Z^=l + — ln( — ). (7.50) 



Using the F-term in ( |7.40|) gives 

™ 2 >(i) _ ln7 ^i _ o _ ^ 2 l^+l 2 _ g 2 v ( - r - n 



8. Conclusions and outlook 

Looking to possible model building applications, we have seen that gauge messengers 
have some potentially useful, and also potentially problematic, differences from non-gauge 
messenger models. Some of the useful differences have already been discussed in the 
literature. Tachyonic two-loop contribution to sfermion mgS at the messenger scale sounds 
suspicious, but need not be fatal if the gaugino masses are sufficiently large to drive the 
RG running of m,Q to positive values at low energy (via the running in ( |2.20|) ) . (One might 
worry about a stripe phase at short distances; we will not consider this issue further here.) 
This is what happens in the scenario envisioned in [^TJ, where the extra gauge fields of 
SU(5)gut are gauge messengers. There the squarks start off with tachyonic 2-loop m^s, 
which are driven positive in the IR by the gaugino masses. The sleptons, on the other 
hand, start off with non-tachyonic 2-loop m 2 q at the messenger scale, which is fortunate 
as their weaker RG running could have been insufficient to drive them positive in the IR. 
The result is a compressed spectrum of superpartners in the low-energy spectrum, which 
can alleviate little hierarchy tunings. 
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These earlier studies, however, did not include the one-loop tachyonic contributions 
to m 2 Q . The helpful RG running effect from ( |2.20|) is of 2-loop order (since the gaug- 
ino masses are 1-loop), which can be insufficient to compensate for an initially tachyonic 
one- loop tachyonic contribution to roL even for the squarks. Sleptons also get tachyonic 
one-loop mg, and can again end up tachyonic in the IR. Fortunately, as we have discussed, 
the one-loop rriq contribution can be suppressed, in models analogous to the inverted hier- 
archy f|] , where the group is Higgsed at a scale ray ^> y/F, by the large expectation value of 
the goldstino pseudomodulus. The one-loop result, rriQ ~ — (g ,2 /167r 2 )|/x| 6 /my, is then po- 
tentially small compared with the two-loop RG running effect, rriQ ~ (g 2 /16n 2 ) 2 \n\ /m v , 
and the sfermions could end up non-tachyonic in the IR. 

From a bottom-up perspective, the bottom line of general gauge mediation |1J is that 
all visible sector soft terms have a fixed dependence in terms of six parameters: the gaugino 
masses are given by the three B a (0) where a = 3, 2, 1 for SU(3) x SU(2) x U(l) (the B a (0) 
are complex, but a hidden sector symmetry, e.g. CP, is imposed to avoid CP violating 
phases), and the sfermion masses are given by three real parameters, denoted in |jj by A a , 
which we'll here rename (reserving A for A-terms), and define them as 



d^p 1 „ 



with E a = 0(g 2 ). With this notation, the general gauge mediation result [1]] is 

3 

m 2 Q ^^2g 2 a c 2 {r Q -a)E a . (8.2) 

a=l 

Because the 5 sfermion masses depend on the three parameters E a , they obey the two sum 
rules Tr m 2 U{l)Y = Tr u{qU{^)b-l = at the messenger scale 0. 

In BSM theories with additional gauge fields, there are additional contributions to 
( |8.2|) , involving additional parameters, see e.g. |J7| for discussion. For example, if the SM 
fields are charged under an additional massive U(l)', the sfermion masses are modified 
from (|8.2|) by an additive shift, 

/d 4 p 1 
^j4^2 S ne™(p 2 ), (8.3) 

where q(Q) is the charge of Q under U(l)'. This is the case whether or not the U(l)' 
is a gauge messenger, the only quantitative difference is the g 2 ew order of E new , and the 
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fact that gauge messengers tend to have E new < 0. The addition of the new parameter 
E new would violate the above sum rules - with a single new parameter E new , one sum rule 
would remain. Since gauge messenger models involve new BSM gauge fields, they introduce 
additional parameters like E new , and thus violate the sum rules of |l] • In examples where 
the gauge messengers are like the SU (5)gut / SU (3) x SU (2) x U (1) gauge fields, the analog 
of O is 

5m 2 Q = g 2 Ac(r Q )E new . (8.4) 

As we have discussed, gauge messengers also introduce A-terms already at one-loop 
order, which we'll parameterize in bottom-up fashion as 



A Q = g 2 Ac(r Q )A new , A new = -2 \ ^1 S ^V). (8-5) 



Each broken gauge group factor having gauge messengers thus introduces an additional 
parameter A new . These parameters are generally complex, which could introduce problem- 
atically large CP violating phases. But the same mechanism which eliminates the phases 
of the gauginos, e.g. CP symmetry in the hidden sector, can ensure that the A new are real. 

As we have mentioned, we can also apply our methods to models where the susy- 
breaking sector is coupled to an intermediate messenger sector, by some additional gauge 



interactions. An example of this is the model of | 32j| , where the SU(2) gauge fields of the 
3-2 model act as gauge messengers to the intermediate sector of the doublets li. (And 
the one-loop tachyonic masses that we have discussed generally here correspond to the 
one-loop, negative StrM 2 found in the example of [j3~2"f). 
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Appendix A. Susy breaking, spurions 

A.l. Soft terms; the Higgs mechanism 

The supersymmetric effective action, to two derivatives, is 

S susy = f d 8 zK($e 2V , $) + J d G z(W{<$>) + - A r{^)W a W a ) + cc, (A.l) 
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where d 8 z = d 4 xd A 9, d 6 z = d 4 xd 2 9 and " + c.c." always refers only to the complex terms. 
The soft terms can be written (using the notation of |51[j) as 



Ssoft 



d«z 



9 2 6 2 K(<5>e zv , $) + 6 z k(<5>c zv , $) + c.c. 



2V 



+ I d 6 z6 2 (W((p) + ^r($)W a W a ) + c.c. 



1 



(A.2) 



There is a redundancy in this description [p5j5lj] , and we'll absorb W((p) into a holomorphic 
addition to K. The soft term k affects the solution of the auxiliary field F equations of 
motion: 

P = -K^iW-j + k-j), (A.3) 

where the hat is a reminder that F l has been solved for in terms of the other fields. The 
matter contribution to the scalar potential is then 



V F = -K + K f \k % + W^kj + W 3 ) = V s F usy + V s F oft . 

The A terms can be regarded as coming from k, as k w AqQ^ e 2V Q + . 
Now consider the quadratic terms for a massive vector multiplet: 

1 



(A.4) 



d z 9W a W a + c.c, 



(A.5) 



where the components of the vector multiplet are [|53| 

, 1 



1 



V = C + i9 X + 9 2 N - 6a m 9v m + i6 2 6[\ + -a m d mX ] + ^0 2 9 2 (D + ~UC) + c.c. (A.6) 

£ £ 

For my 7^ in ( |A.5| ), the dynamical fields consist of the massive spin 1 field v m , the real 
scalar C, and two fermions Aq, and Xa- (The sign of the m v term in (|A.5|) is correct, 
because V 2 ^2^2 = —\v m v m + . . . |53|].) C and x are rescaled by a factor of my to have 
canonical kinetic terms and mass dimension, and C, v m , A, and x an have supersymmetric 
mass my (with the x an d A fermions getting mass by paring up). 

We can add the soft breaking mass terms, 5mo, m x , m\, for the gauge multiplet 

1 



C-soft 3 J d i e(--m 2 / Sm^e z e z V z + m x m z v e z V z ) + j d z 9 m x e 2 W z + c.c. (A.7) 

The mass eigenvalue mc of the propagating real scalar and the mass matrix M\ x of the 
fermions (X a ,Xa) are 



2 2 1 s 2 

m c = m v + om , 



M 



Ax 



my m x 



(A. 
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and the minus sign of the Sm^ term in ( |A.7|) yields a positive contribution to m 2 c in ( |A.8|) . 
The diagonal components m\ and m x in ( |A.8|) break the U(1)r symmetry under which 
R(X) = —R(x) = 1- We can also have mixing with fermions from the matter sector, which 
in the simplest case we can represent as a single additional fermion if), writing the mass 
matrix as e.g. 

my 
m x 8mi/2 
Sm-L/2 

where there is an unbroken R-symmetry if m x = 0. 

In the Higgs mechanism, the mass terms proportional to m v in ( |A.5| ) and (|A.7[ ) arise 
from spontaneous symmetry breaking. We start with the gauge invariant matter kinetic 
terms 

CD f d 4 6>$e 29l/ $, (A.9) 




and consider the effect when we take constant non-zero ($) = <po + 9 2 Fq. We expand e 29V 
in the grassmann components (|A.6| ), and expand in C (assuming (C) = for simplicity). 
Then flO|) yields 

CD f d 4 9(M v ) AB V A V B , (A.10) 



where A and B are adjoint indices and M v is given by the superspace expansion fl6.7] ) 
and ( |6.8| ). For F-term breaking, and non-zero F-terms, Suiq > 0. As we'll soon explain, 
the sign flip of the 5rriQ term between (|6.8|) , where My D +\m v bm\Q' 1 Q' 1 and ( |A.7| ), 
comes from integrating out the auxiliary fields; it's essentially the same sign flip as how 
CD +\F\ 2 becomes V D +|-Fo| 2 upon solving the F EOM for F . 

Let's first note that the auxiliary field N A plays no interesting role: the term linear in 
N A vanishes by gauge invariance, because V A couples to the conserved current J A ■, with 
D 2 J A = 0. Indeed, 

- de 2gC 

£D(F o ^-0o)iV^ + C .c. (A.ll) 

and {FoT A e 29C (f)o) = when Fq is determined from a superpotential, since FoT A e l9 ^ <j>o = 
Wi(T A ) r .(fio y i = by gauge invariance of W(&i). So, regardless of whether or not one 
chooses Wess-Zumino gauge, the N A equations of motion always give (N ) = 0. 

Now let's consider the D A auxiliary fields. Upon adding the term C D ^D A D A coming 
from the gauge kinetic terms in ( |A.5| ), the D A equation of motion gives 

i a 2gC 

D A = ~^-^a^ = -90oT A <Po - 2g 2 MT A ,T B }cf )0 C B + 0(C 2 ) (A.12) 
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where the hat is a reminder that D is solved for in terms of the other fields. We solve for 
(C) by setting (dC/dC) = 0, and we'll suppose that (C) = for simplicity. The variation 
of the terms in C linear in C yields 



2gF T A F + (m 2 v ) AB (D B ) = 0, (A.13) 



as found long ago [|8[. See |32| for discussion and an example with F T A F ^ 0. Upon 
replacing D A — > D A , C D —\D A D A 1 with the correct sign to correspond to Vp > 0; 
expanding this term to quadratic order in C gives C A its supersymmetric mass-squared 
terms niy, as in ( |6.8|) , with correct (positive, non-tachyonic) sign. 

The susy-breaking C mass component Sttiq in ( |A.7| ) coming from expanding the kinetic 
terms ( |A.9|) initially looks like a tachyonic contribution: Ckin 3 (Fe 2gC F). But this is an 
artifact of the fact that we still need to include FiWi superpotential terms to account for 
how (F) = Fq j£ 0, as is familiar from how it happens that Vf = + |W| 2 . Doing this, 

C d -(F e 2 ° c F ) = -(F Q F ) - 4g 2 (F Q {T A , T B }F )C A C B + .... (A.14) 

The susy-breaking contribution to ttiq is thus non-tachyonic : 

(m 2 c ) AB = {m 2 v) AB + {Srnl) AB , (Sm 2 ) AB = ^f^" (A.15) 

with my given by (|6.8|) . 

Finally, the fermions (A a , Xa) have the mass matrix as in ( |A.8| ), with m AB given by 
( p.8| ), which is R-symmetry breaking if non-zero. This interaction is needed to generate 
a one-loop A-term contribution. Including the hidden sector fermions, there are also the 
terms 

C D V2ig ( f) l T A \ A ip l - V2gF l T A x A i) l + W^ipj + h.c. (A.16) 

So the massive gaugino mass eigenstates are given by linear combinations of the original 
fields A and x, mixed with the 

A. 2. Analytic continuation in superspace 

We denote the hidden sector fields by $, and the visible sector fields by Q. Analytic 
continuation in superspace lf27l , |34] , |35H yields leading order susy-breaking effects, in the small 



susy-breaking limit, by starting with the supersymmetric low-energy effective theory 

S vis = J d 8 zZ Q ($, $)Qe 2V Q + J d 6 z(W(Q) + ^r^)W a W a ) + h.c. (A.17) 
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and then allowing $ and $ to pick up susy-breaking 9 2 and 9 2 components. This yields 
the soft terms: 

A Q = (In Z Q )\ 9 2, m 2 Q = -(lnZ Q )\ 202, m gaU g irio = (lnr)| fl 2, (A.18) 

where {\o.Zq)\q2 = Zq\q2/Zq\ denotes the 9 2 component, and Zq\ denotes the component 
without 9 2 or 9 2 . 

The standard result in the literature are obtained by assuming that the hidden sector 
fields decouple at a scale set by the expectation value of a single superfield (X) = M + 9 2 F 
(where X can be a spuion or actual field). As an example, the hidden sector can have 
W = £- =1 (AiX + mjQiQi. Then the susy-breaking affects the visible sector by way of 
the RG running to low-energy, down from the scale M. Using primes to denote quantities 
for \i > M, the gauge coupling beta function is affected as (t = ln/x and a = g 2 /47T ) 

J t a ~ 1 = {l for^<M' b' = 3T 2 (G')-T 2 (r% b = 3T 2 (G) - T 2 (r), (A.19) 

where G' is the gauge group and r' is the matter content above the scale M, and G and r 
are those below. Matching the running r at the scale X gives a low energy r = t(X) and 

mx = g 2 r\ e i = ^{b- b 1 ) \nX\ e , = --r-Aft— , (A.20) 

47T 47T M 

where, for any quantity O, we define AO = O' — O to be the change below the scale where 
the hidden sector fields are integrated out. 

The other standard expressions |Z7|, S3|,P5J55 ] are one-loop A-terms given by 



An = \nZ Q (\X\ 2 )\ 2 = -A^^— = -A 7 n — , (A.21) 

where we define dlnZq/dt = — 2^q (our definition of jq, with this conventional —2 factor, 
introduces some superficial differences with the above references, but they all drop out in 
the end) and the factor of | in (|A.21| ) comes from (In |X|)|g2 = \ Similarly, the two-loop 



(diagonal) sfermion soft masses are 

^ - - - wi>i~ - 4isi 2 (- 1« + 2 §« - W ^ 

which is two-loop because 7 and (5 are each one-loop. 
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When there is no direct coupling of the messengers to the Q fields, in particular when 
there are not gauge messengers, then 7q = 7q, so the one- loop A-terms ( |A.21| ) vanish, 
An — at the messenger scale M (and RG run to small, non-zero values at lower scales). 
The two-loop sfermion mass ( |A.22| ) simplifies in this case to 



in 



° - -^F^ Aft = 2 ^jd^ {b - b ' )l ^' (A ' 23) 



where in the last expression we used 7q = — 2c 2 {rn)g 1 IXQix 2 . For this case, without gauge 
messengers, b — b' = c > 0. 



The literature also treats the gauge messenger case using the above formulae [27,34, 35 



assuming that there is a single susy-breaking chiral superfield spurion X. As we'll discuss 
shortly, this latter assumption is generally invalid, and leads to results that are generally 
imprecise/incorrect. In particular, that assumption leads to the standard, but incorrect, 
claim that m,Q vanishes at one- loop, even in the gauge messenger case. In any event, the 
standard expression for the one-loop A-term at the messenger scale in the gauge messenger 
case comes from using ( |A.21|) , with 7q 7q, since c 2 (rQ) ^ C2<Vq), so 

Q 2 F 

An = 2-^ Acq — . (A.24) 
Q 16tt 2 q M y 1 

The standard expression ( |A.22|) in the case of gauge messengers gives the two-loop sfermion 
masses at the messenger scale to be 



m 



2 



(c 2 (r' Q )b' + c 2 (r Q )b - 2c 2 (r Q )b')\-\\ (A.25) 



(l 67r 2)2V ■ ~*vw -v^;, M 



which is typically tachyonic [^4|. 

We can also consider using these methods to obtain the leading effective potential in 
the limit where some visible sector pseudomodulus has a large expectation value compared 
with the susy-breaking scale. The leading order in small \F\ one-loop effective potential in 
this limit is well-known from the time of Q , coming from the wavefunction renormalization 
of the tree-level vacuum energy of the hidden sector: 



Fe//(|Q|)«E^lQl) _1 ^| 2w E A ^ 1)ln lQll^| 2 = -&E Ac ^ ln lQl^ 



(A.26) 

where the last expression is the one- loop result for the case of gauge messengers, and 
A7^ is the change in the anomalous dimension of $i at the scale \Q\ where the gauge 
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group is partially Higgsed. The sign of the potential is such that Q has a runaway to 
large expectation values, which is how the hierarchy is generated in ||. Without gauge 
messengers, the Higgsing pseudomoduli are instead first lifted at two-loops to leading order; 
see for discussion of how, more generally, gauge messengers lead to pseudomoduli being 
lifted at one-lower loop order than would happen without gauge messengers. The result 
( |A.26|) suggests that there must be a corresponding 0{\F\ 2 ), one-loop mass term (ttiq)^ 
for the Q field near the origin. As we discuss, that is indeed true. 

Let us now revisit the above results, correcting the literature by allowing for multiple 
susy-breaking fields. We'll refer to them all as $ = + 9 2 F (without writing explicitly 
the flavor or gauge indices), which plays the role of X above. Generalizing the discussion 
in pTpij, the £ loop contribution to Z Q is given by lnZg($$) = YjI ct £_1 P^(aln($, $)), 
where ($, $) is some inner product. We now note that 

MM)] l. = fg, H^)\\^ = m{t '^' m '*\ (a.27) 

and in particular [ln($, $)] \q2q2 > can be non-zero in general, unlike the case with a 
single field X = M + 9 2 F. So the soft terms ( |A.18| ) get contributions 

A Q = £ a ^(aln(^))^^, (A.28) 

m Q = 2^ a Pi{<*HM)) 



(A.29) 



+ ^ +i P;'(«ln(<^)) , 



The standard expressions in the literature are obtained upon specializing the inner products 
to the case of a single field, e.g. (0,0) — >■ |0| 2 etc., in which case the top line of ( |A.29| ) 
vanishes. 

So the top line of ( |A.29| ) are qualitatively new contributions, while the second line of 
( |A.29|) are the appropriate generalizations of standard expressions. In particular, taking 
I = 1, the top line of ( |A.29|) yields the one-loop contribution to mg, 



, m . )W = _i A7 «MW|ZEiz, (A .3o) 



and the second line of ( |A.29| ) yields the appropriate generalization of the standard ex- 
pression ( |A.22| ) for the two- loop ttiq, in terms of one-loop RG quantities. The top line of 
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( [A. 29 ), with £ = 2, generally yields a new, additional contribution to the two-loop ttiq, 
similar to ( |A.30|) with A7g 1 ' ) replaced with 

The one-loop results can be seen directly from the one-loop effective Kahler potential 
§49|| , see ( |6.20|) . The term from integrating out massive chiral multiplets does not contribute 
to (mg)^), because In M\M C = InMj + lnM c is the sum of a purely holomorphic and 
purely anti-holomorphic contribution. But the M v term, from integrating out massive 
vector multiplets, does contribute. Using 



AB 



(A.31) 



this leads to the one-loop mg contributions as in (|A.30| ), 



{ 1 )cd ~~16^4^ {l)cd (m 2{AB) V ' 



A,B V' b G 



where C(ri)^ = ({T^, T^}) c d (recall that A, B are G adjoint indices, whereas c, d are in 
the representation rj) and the inner product notation is as in (|2.39[) . The result ( |6.24j ) is 
obtained upon taking the inner products (•, -) AB = (•, -)5 A B . 



Appendix B. Relations among results 



In this appendix, we demonstrate the equivalence of three methods of computing 
the effective potential where the methods are simultaneously valid. We first use the tree- 
level current correlator coefficients to compute the one-loop potential, and show that this is 
equivalent to the Coleman- Weinberg |70| potential. We then expand the one-loop potential 
to leading order in susy breaking and show that the effective Kahler potential yields the 
same result. For simplicity, we take D = = [-B1/2, C1/2] throughout this appendix. 



B.l. Small g: Coleman- Weinberg and Current Correlators 



The one- loop effective potential for a visible-sector sfermion, Q, is given in ( |5.1U ) and 
reproduced here: 



^ = ?/7^N 1 + ^ 0, >- 21 ° 



o 4 lS (0) I 2 



+31n(l +g z C\ 



(B.l) 
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For weak coupling, the = C^° le are given in ( |3.30|) . To compute this as a function of 
Q (along a D-flat background), we use ( |5.11|) and (|5.12|) : 



AB 



p- 



+ Q-independent. 



B.2 



This makes it simple to compute the following scalar object: 



■ dv£l Tr - 



d A p 1 



1 



4(1 + g 2 c[%)p 2 



1 + ^(0) (l+^ C W)2p2 + ^| fl J 



(o) 



?(°) i 

L/al 



+ 



i + s 2 q 



(0) 



(B.3) 

We will similarly differentiate the Coleman- Weinberg potential and thereby avoid the dif- 
ficulty of extracting meaningless constants. 

The Coleman- Weinberg potential can be written as 

d 4 p 



/74 
^ In (p 2 + M 2 ) - In (p 2 + M 2 /2 ) + 3 In (p 2 + 



m 



v 



(B.4) 



Note that the scalar and fermion mass matrices here are not the same as those in ( |3.31| ). 
The scalar mass matrix is now (recall that we are taking D = 0) 

Ml = Ml + g 2 T A t A . (B.5) 

The fermion mass matrix has to be expanded to include the gauginos. The mass-squared 
matrix is 



Mf 



/2 



1/2 







2 \T 
1/2) 



\ 2 _ (MM + 2g 2 T A <p o o T A -iV2gTF\ 

J' m " 2 -\ i^gFT g 2 (<Po,<Po)) (R6) 

Now let's considering differentiating (|B.4j) . The last term trivially agrees with the 
corresponding term in (|B.3| ) because g 2 c[°^ = rriy/p 2 . The derivative of the scalar contri- 
bution in ( p.4j ) involves the following. 



Tr 







+ 



p 2 + M 2 8Q* p 2 + M 2 dQ* 8Q* p 2 + M 2 

Expanding this in g, we get terms such as 



Using the identities 



1 



p 2 + Ml p 2 + Ml 



g2^B 



1 



p 2 + Ml 



and 



f)T A 

yB ° 1 



+ ... 



BrrA\ 



dT 



A 



(QT T 



one finds that the series can be expressed in powers of Cq 



(0)AB 



giving 



Tr- 



(B.7) 



(B.9) 



(B.10) 



This shows that the scalar contribution of the Coleman- Weiberg potential agrees with that 
in (|B.3| ). We omit the similar but more tedious calculation for the fermionic contribution. 
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B.2. Small F : The Effective Kahler Potential and Current Correlators 

To leading order in susy breaking, the one-loop effective potential can be extracted 
from the one-loop effective Kahler potential. We will now demonstrate that the result 
obtained in this way agrees with that from (|B . 1|) . First we reorganize the terms in C\/2- 
Starting with the simplifying observation that the two blocks of the matrix contribute 
equally, and then using the gauge invariance of the superpotential, 

MT A (j)=(FT A ) T , (B.ll) 

we find 

= ^ - *». + - . . .) (B.12) 

= C AB - ^FT A A 1/2 T B F, 

where A x / 2 = (p 2 + -M.M) -1 . -B1/2 has a similar expansion. We use gauge invariance 
again to find, 

B AB = -20 O T A —-L T B F 

1 _ ? 2+MM (B.13) 

= — = $ T A T B F + O(\F\ 2 ) 

This is as much as we need for the effective potential to leading order in F. Finally, a 
similar set of manipulations reveals 

C AB = C AB + ^-FT A T B F - ^FT A A~} T B F + 0(|F| 4 ). (B.14) 

P^ p^ i-IZ, 

These relations are compatible with the large p 2 limit expansions ( |3.26| ) (which don't rely 
on small F terms), and the relation ( |3.22| ) that 5mo = 25m 1 / 2 with F-term breaking. 

If one now takes ( |B.12| ), (|B.13| ), and ( |B.14| ) and uses them to expand the potential 



( p.l| ), one finds that the terms involving A^ cancel. We can write the result in terms of 
Ai = (p 2 + my) -1 as 



V$ = 2 g 2 J A^Ia^ (FT B T A F + 2g 2 FT A T B 4> Af c <j) T c T A F) + . . . , (B.15) 
where the ellipsis includes constant terms and terms higher order in \F\. 



73 



Now consider the one-loop effective Kahler potential, which can be written as 



K 



(i) 

eff 



Tr 



d 4 p 



1 



(2tt) 4 p 2 + M 2 2 



d 4 p 



1 



(2tt) 4 p 2 + MM 



+ constant 



;b.i6) 



Recall that M v is the superfield version of m v : 

M v = g 2 [(0, (/>) + # 2 (F, 0) + 6 2 & F) + e 2 e 2 (F, F)] 



(B.17) 



The second term in ( P-16| ) is irrelevant in the case we are considering because our visible- 
sector sfermions interact with susy-breaking only through the gauge interactions. In ma- 
nipulating the first term, it's useful to define tp A = T A (p, f A = T A F. The _D-term of K e ff 
can then be written as 

d ' P - \ - (A 2 ) AB f B f A + 2g 2 {A 2 ) AB f B ^A c 1 D ^f A 

(B.18) 

+ 2g*{A*) AB <p B f c A? D f D <p A 



d 4 9K (D _o„2 



'eff 



Now we can simplify this expression with the identity, 

ip A l = A x if , (A x ) j = p dj + 2g ip <pj , 



(B.19) 



and a few other manipulations that mirror those in the appendix of |)44|| . In particular, we 
use ( p.!9| ) in the first two lines, rearrange to arrive at the third, then integrate by parts, 
and finally we expand out Ai and resum in terms of Ai. 

d 4 p 



d 4 6K eff = 2g< 



= -2g< 



(2*)* 

d 4 p 

d 4 p 
d 4 p 



(A 2 ) AB f B f A + 2g 2 {A\) AB f B A 1 ip D (p D f A 
+ 2g 2 f D A 2 p B p B f c A c l D 

(A 2 ) AB f B f A + {AD^pA^x 1 - P 2 )f A 
+ f D A 2 (A^- P 2 )f c A^ 



A^FA 1 ^+p 2 -^Af s FA 1 /^ 



d_ 

dp 2 



A AB f B A 1 f 



(2nY 



_ 2 g 2 [ ^-JL,\a ab (FT b T a F + 2g 2 FT A T B cf )o A BC 0oT C T A F) 
J [2-kYp 1 



(B.20) 



which is identical to ( |B.15| ). 
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